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ABSTRACT 


Detailed  measurements  of  levels  of  tissue  differentia¬ 
tion  and  maturation  were  made  on  both  fresh  and  permanent 
sections  of  white  mustard  root  tips  grown  in  a  moist-air 
environment  at  room  temperature.  Results  clearly  showed 
that  each  tissue  differentiates  and  matures  at  its  own  rate. 
Definite  regions  in  which  one  developmental  process 
dominates  could  not  be  recognized  in  these  roots. 

A  comparison  of  levels  of  differentiation  and  matur¬ 
ation  of  primary  tissues  in  root  tips  grown  in  moist-air 
environments,  aerated  water  culture  solutions,  and  non-aerated 
water  culture  solutions  showed  the  range  of  variation  in  the 
tissues  studied.  In  general,  the  three  environments  seemed 
to  have  little  effect  on  the  levels  of  development  of  primary 
tissues  with  the  exception  of  the  appearance  of  root  hairs 
and  the  commencement  of  lignif ication  and  maturation  of 
protoxylem. 

The  work  on  intercellular  spaces  included  the  following: 
the  measurement  of  intercellular  space  size  from  prepared 
cross  sections  of  roots  grown  under  atmospheric  and  reduced 
pressure;  a  series  of  experiments  undertaken  to  determine 
whether  the  spaces  are  empty  or  contain  a  gas,  liquid  or 
solid,  or  all  three;  and  a  series  of  microchemical  tests  to 
determine  the,  chemical  nature  of  any  one  of  these  substances. 
Microchemical  tests  included  well-known  chemical  reactions 
for  proteins,  lipids,  callose,  and  carbohydrates.  At  a 
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30  bx/iipxJ  ,aBp  a  niainoo  30  esoaqa  arfi  xarfidrfw 

* 

oi  aiaei  XBoii7i9rioo3oi/irT  ic  89X396  a  bna  t933rfi  iXa  3o  ^biXoe 
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level  close  to  the  root  apex,  some  of  the  spaces  appeared 
to  contain  a  "solid-like  substance".  Other  spaces  which 
lacked  this  substance  gave  a  positive  test  for  a  reducing 
sugar.  Subsequent  testing  of  the  "solid-like  substance" 
indicated  the  presence  of  lipids.  Spaces  in  the  mature 
regions  of  the  root  always  appeared  empty  when  viewed  in 
transverse  section. 
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INTRODUCTION 

Although  the  literature  on  the  processes  of  differen¬ 
tiation  and  maturation  in  growing  root  tips  is  voluminous/ 
much  of  the  evidence  is  conflicting  and  there  is  increasing 
need  for  a  revision  of  classical  terms  and  ideas  in  the 
light  of  modern  investigations.  Early  workers  described 
root-tip  development  in  terms  of  distinct  regions  in  which 
one  morphogenetic  process  predominated.  The  terms  "zone  of 
cell  division"/  "zone  of  elongation"/  "zone  of  differentia¬ 
tion"/  and  "zone  of  maturation"  were  adopted  and  are 
perpetuated  in  present-day  textbooks.  However/  evidence  in 
opposition  to  this  classical  conception  of  root-tip  develop¬ 
ment  is  slowly  accumulating.  In  his  discussion  of  differen¬ 
tiation  and  maturation/  Popham  (1955)  states/  "If  the  truths 
of  tissue  differentiation  and  maturation  are  too  complex  to 
be  taught  to  students  of  botany/  misconceptions  of  a  bygone 
era  are  not  valid  substitutes."  It  seems  probable  that  a 
general  pattern  for  the  development  of  the  root  tip  can  be 
formulated  and  the  range  of  variation  from  the  general 
pattern  anticipated  if  a  sufficient  number  of  species  is 
examined  in  detail. 

Popham  (1955) /  called  attention  to  the  confusion  in 
the  literature  concerning  the  term  "differentiate".  He  states, 
"It  is  hazardous  and  frequently  impossible  to  compare  published 
data  concerning  levels  of  tissue  differentiation  because  this 
term  is  so  inaccurately  and  inconsistently  used  . . . " . 
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or  tissues  can  be  considered  differentiated  if  they  are 
different  physiologically  or  morphologically  enough  to  be¬ 
come  easily  recognizable.  In  the  present  study/  only  initial 
morphological  differences  indicative  of  either  differentiation 
or  maturation  are  considered/  and  for  each  cell  or  tissue 
the  criterion  or  criteria  used  will  be  indicated. 

The  intercellular  space  system  of  the  plant  has  been 
studied  by  many  workers/  and  from  the  standpoint  of  tissue 
development  and  nutrition/  has  aroused  much  interest. 

The  present  study  is  an  attempt  to  add  to  our  know¬ 
ledge  of  differentiation  and  maturation  in  growing  root  tips 
by  further  microscopical  and  microchemical  studies.  For 
convenience/  the  subject  matter  is  divided  into  three  sections: 

A.  Development  of  the  root  under 
normal  conditions. 

B.  Experimental  (effects  of  environ¬ 
ment  on  root  development) . 

C.  Intercellular  spaces  and  their 


content . 


boTtobienoo  ikI  hsd  aaueai^  ‘to 
of  ftoucfis  Y  [ Y ^nstid^^ib 
iLifini  \li:vo  %\biifB  i-nosetfq  9tif  rrl  .oXdesinpoooi  emoo 

loxlExrrr.sisarixft  x^ritie  fo  ^vif^olbai  BBoa^’xo’fhib  Xfioipolorfqion 
dL'asxJ’  20  IXao  doG9  tof  bcis  .ba'iobienoo  eas  noi;>ETxrJfi<n  io 


.b&tBj>ibiii  9<i  XXiw  bs»ai/  sx'x»2'iio  iQ  noX'xati'xo 


rtodd  36fC  2/t6Xq  9f(2  lo  /na^SY®  aofcqB  ^fiXt/XXsotta^fii  »iiT 
^Lfeei!^  io  ^rixoqbn&^^a  oriJ  motx  br.s  .BTcoshcov  '^nsffi  Ycf  bsibi/:^a 
, :^€d'3:a:tftx  iSouni  baefiotc  a&i^  .noiiti'XJ'un  bne  :>’namqoX*v^b 
-won:^  *IIK5  0"^  bbs  o:?  ^qtns^Js  aB  ex  yXhj^®  insesxq  arfT 
8qi2  :>0o'i  pfrXwoip  ni  noi^62u2Bm  bnjo  nolfsxfnBiSi^^ib  5o  apbol 
:io'5  .aaiouxe  X soxmarfooxDim  ferrs  i6oiqooao:roim  yd 

:eaox:^oa2  odax  babxvib  ex  'isfjsru  Joacdtrs  sf(:t  ^aonsinovnoo 

'labiiu  200X  artJ”*  5o  dnamqcXa vaQ  .A 


,anox Xtbrtor' 


-ii&'iJtv[%9  iBin^OTXiaqxS  *8 

,  ( ^.rsjrtqoiovab  aoo'X  no  :^rr»iQ 
Tisdi  bits  aaosqa  Y^Xi/IXso^a dnl  .D 


,  Jntiinoo 


f 


3 


REVIEW  OF  LITERATURE 

A.  Tissue  Differentiation  and  Maturation  Under  Normal  Conditions 

The  tips  of  growing  roots  are  commonly  used  to  illustrate 
the  principal  steps  in  tissue  differentiation;  cell  division, 
cell  elongation,  and  cell  maturation  (£.£.  Fuller  et  a]^.  ,  1957; 
Robbins  al.  ,  1957;  Wilson  et  ,  1962),  but  the  demarcation 
between  regions  in  which  each  of  these  processes  occurs 
exclusively  can  be  made  only  approximately,  because  at  any  one 
level  in  the  root  two  or  three  processes  may  overlap  not  only 
in  different  tissue  regions  but  within  the  same  region  (Esau, 
1953b;  Goodwin  and  Stepka,  1945;  Popham,  1955;  Thompson, 

1960) . 

The  regions  of  the  root  tip,  the  epidermis,  root  cap, 
cortex  and  vascular  cylinder,  are  delimited  close  to  the 
apical  meristem  but  differentiation  and  subsequent  maturation 
of  component  tissues  of  these  regions  proceed  at  different 
rat  es . 

Root  epidermal  cells  of  some  plant  species,  including 
white  mustard,  show  a  marked  difference  in  size  and  ability 
to  form  root  hairs.  This  observation  has  led  to  much  research 
in  an  attempt  to  explain  the  variation  in  differentiation  of 
genetically  identical  sister  cells. 

A  thorough  study  of  Phleum  pratense  primary  roots  has 
revealed  a  difference  in  growth  rate  of  the  trichoblasts  (the 
shorter  cells  producing  the  root  hairs)  and  the  longer  hair¬ 
less  cells  (Avers,  1957;  Avers  and  Goodwin,  1956;  Brumfield, 
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1942;  Goodwin  and  Avers /  1956;  Sinnott/  1939;  Sinnott  and 
Bloch/  1939a/  1939b) .  The  difference  in  elongation  rates 
of  trichoblasts  and  hairless  cells  occurs  only  within  a 
short  region  of  the  root  apex/  just  basal  to  the  apical 
meristem  {Avers,  1957) .  Trichoblasts  and  hairless  cells 
increase  in  length  at  the  same  rate  in  the  meristem  and  in 
regions  basal  to  this  region.  This  observation  suggests  that 
physiological  differentiation  of  the  two  cell  types  probably 
occurs  in  the  area  of  observed  differences  in  growth  rate. 
Histochemical  tests  were  then  conducted  for  differential 
enzyme  activity  in  the  epidermal  cells  (Avers,  1958;  Avers 
and  Grimm/  1959a) .  The  most  intense  activity  of  the  enzymes 
acid  phosphatase  and  cytochrome  oxidase  was  localized  in 
young  trichoblasts  during  their  early  elongation  phase. 

Succinic  dehydrogenase  activity  was  localized  in  the  meri- 
stematic  tissue/  the  future  hairless  cells  showing  no 
activity  and  the  trichoblasts  showing  a  high  activity.  Obser¬ 
vations  on  other  grass  species  (Avers  and  Grimm/  1959b) /  show¬ 
ed  that  although  the  time  of  physiological  differentiation  of 
the  epidermal  cells  varies  with  the  species/  a  correlation 
between  the  pattern  of  epidermal  development  and  the  presence 
of  acid  phosphatase  existed  in  all  cases.  Further  observations 
upon  the  differential  localization  of  these  and  other  enzymes 
(Avers  and  Grimm/  1959b;  Czernik  and  Avers,  1964)/  and  the 
heterogeneity  of  cellular  organelles  (AverS/  1961;  Avers  and 
King/  1960) /  strengthened  this  cytochemical  view  of  tissue 
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different iat ion . 

In  the  region  of  epidermal  cell  differentiation  in 
Phleum  pratense  _i.£.  100-300  microns  from  the  root  apex 
(Avers,  1957),  both  symmetrical  and  asymmetrical  mitoses 
occur,  the  latter  resulting  in  a  smaller  apical  cell  which 
develops  a  root  hair  at  maturity  and  a  larger  basal  daughter 
cell  which  remains  hairless  (Avers,  1963) .  An  electron- 
microscopic  comparison  of  cells  showing  symmetrical  mitosis 
with  those  showing  asymmetrical  mitosis  (Avers,  1963),  clear¬ 
ly  showed  that  a  greater  number  of  cytoplasmic  organelles 
moved  to  the  basal  end  of  the  asymmetric  cell.  Since  this  is 
directly  opposite  to  what  is  expected  on  the  basis  of  histo- 
chemical  tests,  the  author  interprets  the  ultrastructure 
variation  as  "reflections  of  mitotic  events  which  are  not 
immediately  related  to  the  different  physiologies  of  the 
daughter  cell  products  after  cytokinesis." 

In  white  mustard,  the  dissimilar  epidermal  cells  show 
a  marked  difference  in  vacuolation  rates  (Cormack,  1947) .  A 
possible  explanation  for  this  difference  has  been  developed 
in  a  series  of  papers  (Cormack,  1935,  1947,  1948;  Cormack  and 
Lemay,  1963) .  The  identification  of  a  substance  capable  of 
reducing  alkaline  silver  in  the  intercellular  spaces  of  this 
root  (Cormack,  1948) ,  the  detection  of  intercellular  inclu¬ 
sions  induced  by  colchicine  treatment  (Cormack,  1949) ,  and 
the  evidence  that  sugar  can  be  translocated  from  the  cotyle¬ 
dons  to  the  apical  meristem  by  the  intercellular  space  system 
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(Cormack  and  Lemay,  1963) /  supports  the  early  explanation 
of  the  difference  in  vacuolation  rates  of  the  epidermal  cells 
in  this  root.  ...  "if  the  intercellular  spaces  are  at 

first  filled  with  a  nutrient  sap  and  the  intervening  walls 
relatively  impermeable,  then  a  short  cell  in  contact  with  a 
small  intercellular  space  of  its  own  and  in  direct  line  with 
a  series  of  larger  spaces  in  the  cortex  would  appear  to  be  in 
a  much  more  advantageous  position  for  obtaining  nutrients 
than  its  neighboring  long  cells"  (Cormack,  1947) . 

Root-hair  development  is  intimately  connected  with  the 
condition  of  the  epidermis.  In  roots  with  both  short  and 
long  epidermal  cells,  the  former  normally  develop  hairs  while 
the  long  cells  remain  hairless.  The  mechanism  of  root-hair 
development  and  the  factors  affecting  this  process  have  been 
recently  reviewed  (Cormack,  1949,  1962). 

In  many  roots,  the  root  cap  and  the  epidermis  have  a 
common  origin  in  the  apical  initials.  The  structure  and 
function  of  the  root  cap  has  received  much  attention  in  the 
literature  (£.^.  de  Bary,  1884;  Eames  and  MacDaniels ,  1947; 
Esau,  1953a;  Strasburger,  1921).  The  root  cap  is  generally 
mature  closer  to  the  apex  than  any  other  tissue  and  can  be 
recognized  as  the  only  vacuolated  cells  in  transverse 
sections  immediately  adjacent  to  the  meristem  (Clowes,  1961). 
Starch,  thought  to  be  used  only  in  cases  of  extreme  starva¬ 
tion  (Netolitzky,  1935) ,  is  often  present  in  the  root-cap 
cells  (de  Bary,  1884;  Esau,  1940,  1953a) .  Histochemical 
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staining  procedures  have  shown  a  correspondingly  high  phos- 
phorylase  activity  in  this  region  of  the  root  (Dyar/  1950; 

Yin  and  Sun/  1947/  1949) .  Richardson  (1955) /  has  shown  that 
some  roots  normally  growing  in  soil  may  lack  root  caps  when 
grown  in  water  culture.  During  the  course  of  an  investiga¬ 
tion  on  the  development  of  root  hairs  by  tomato  rootS/ 

Cormack  (1945)  made  an  interesting  observation  on  the  root 
caps  of  many  roots  growing  in  alkaline  calcium  solutions. 
Root-cap  cells  were  found  adhering  to  the  epidermis  for  a 
considerable  distance  from  the  apex/  and  in  some  roots  the 
cells  were  found  "hanging  together"  and  curled  over  the 
extreme  tip  of  the  root. 

Measurements  to  show  the  extent  of  the  root-cap  tissue 
apically  from  the  meristem  have  been  recorded  for  some  plants 
(Popham/  1955;  Torrey/  1955)/  and  the  persistence  of  root-cap 
tissue  basally  from  the  initials  has  been  indicated  for 
others  (Cormack/  1947;  Thompson/  1960). 

Thorough  microscopical  observations  have  been  made  on 
root  cortical  cells.  Cortical  tissue  of  the  primary  root 
consists  exclusively  or  chiefly  of  parenchyma/  the  orderly 
arrangement  of  cells  resulting  from  the  method  of  cell  divis¬ 
ion  during  the  origin  of  this  region  (de  Bary/  1884;  Esau/ 
1953a) .  Repeated  periclinal  divisions  in  the  inner  row  of 
cortical  cells  increases  the  diameter  of  the  cortex  within 
a  short  longitudinal  distance  from  the  root  apex  (Heimsch/ 
1960;  Williams,  1947).  From  the  standpoint  of  development, 
the  outer  cortical  cells  are  older  than  the  inner  and 
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consequently  at  any  one  level  appear  larger  in  transverse 
section.  At  intervals/  divisions  in  the  outer  cortex  occur 
which  allow  for  increase  in  diameter  during  root  growth. 

Once  periclinal  divisions  have  ceased  in  the  inner  row  of 
cells /  a  Caspar ian  strip  is  laid  down  on  the  radial  and 
transverse  walls /  typifying  this  cell  row  as  the  endodermis 
(Esau,  1940/  1941,  1953a;  Popham,  1955;  Williams,  1947). 
Vacuolation  of  cortical  cells  generally  begins  in  the  middle 
cortical  rows  as  these  cells  are  the  first  to  stop  dividing, 
and  proceeds  both  centr if ugally  and  centr ipetally  (Clowes, 

1961;  Popham,  1955).  Cortical  tissue  may  persist  throughout 
the  growing  period  of  short-lived  roots  but  in  roots  that 
develop  a  great  deal  of  secondary  tissue,  this  region  becomes 
crushed  and  is  sloughed  along  with  the  epidermis. 

Although  the  development  of  the  primary  vascular  tissues 
has  received  the  greatest  attention,  detailed  information 
comparing  the  differentiation  and  maturation  rates  of  one 
vascular  tissue  with  another  is  relatively  meagre  and  widely 
scattered.  Primary  vascular  tissue  in  the  root  originates 
from  a  group  of  meristematic  cells  which  have  been  formed  by 
the  apical  initials.  This  region  has  been  variously  inter¬ 
preted  and  named  in  the  literature  (see  reviews  by  Esau, 

1943b,  1954) ,  but  generally  the  term  "procambium"  has  been 
accepted.  Early  investigations  (Esau,  1943b) ,  as  well  as 
later  studies  on  initial  vascularization  in  roots  (Running, 
1951;  Esau,  1943a;  Goodwin  and  Stepka,  1945;  Hayat  and  Heimsch, 
1963;  Heimsch,  1951;  Popham,  1955;  Torrey,  1953,  1955),  have 
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led  to  the  following  conclusions.  Vascular  elements  differ¬ 
entiate  acropetally.  Metaxylem  cells  are  recognizable  closer 
to  the  apical  initials  than  any  other  vascular  tissue  because 
of  their  early  enlargement  and  vacuolation.  Running  (1951) , 
attributes  the  diarch  xylem  pattern  in  Sinapis  alba  L.  to 
the  polarity  of  the  first-differentiated  metaxylem  cell. 

This  author  claims  that  later  primary  xylem  cells  always 
differentiate  along  an  extension  of  the  radial  polarity  axis 
of  this  first  cell.  Protoxylem  cells  mature  earlier  than 
metaxylem  and  beginning  at  the  periphery  of  the  xylem  plate, 
maturation  proceeds  centripetally .  The  first  phloem  cells 
differentiate  after  the  first  xylem  but  mature  closer  to 
the  apical  initials. 

B.  Tissue  Differentiation  and  Maturation  in  Experimental 
Environments 

The  relation  of  the  growth  rate  to  the  differentiation 
pattern  and  the  extent  to  which  this  relation  can  be  modified 
are  critical  in  many  fields  of  research  (Heimsch,  1951) ,  yet 
few  comprehensive  studies  of  this  nature  have  been  under¬ 
taken.  Bryant  (1934)  and  Popham  (1955)  ,  compared  some 
anatomical  aspects  of  primary  tissue  development  in  roots 
grown  in  aerated  and  non-aerated  culture  solutions.  In  both 
studies,  root  length  attained  in  the  experimental  period  was 
greatest  in  the  aerated  solutions.  Bryant  found  lignified 
xylem  elements  and  a  well-developed  pericycle  and  endodermis 
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further  from  the  apex  in  these  roots  than  in  those  grovm  in  the 
non-aerated  solutions.  Popham  reached  the  general  conclusion 
that  levels  of  tissue  differentiation  and  maturation  of  all 
primary  tissues  in  the  root  of  Pi sum  sativum  were  closer  to 
the  apex  in  the  non-aerated  solutions/  but  in  many  cases  the 
differences  were  only  slight. 

Heimsch  (1951) /  studied  the  effects  of  growth  rate  on 
vascular  tissue  differentiation  in  barley  roots.  Although 
the  distance  from  the  apex  to  the  first  differentiated  phloem 
and  xylem  varied  little  with  growth  rate,  considerable 
variation  occurred  in  the  maturation  of  these  same  tissues. 
Generally/  in  slow-growing  roots  the  distance  is  shorter 
than  in  fast-growing  roots.  Vascular  tissue  of  many  roots 
show  this  same  pattern  of  development  (Barghoorn/  1942;  Esau/ 
1943b/  1954) . 

C.  Intercellular  Spaces  and  their  Content 

Two  comprehensive  reviews  (Sifton/  1945/  1957)  include 
the  major  studies  on  intercellular  spaces.  The  origin  of  the 
schizogenous  spaces  that  are  common  to  most  root  cortical 
tissue  can  be  summarized  briefly  as  follows.  When  a  cell 
divides/  the  new  middle  lamella  is  separated  from  the  old 
one  of  the  original  cell  by  a  layer  of  cellulose  wall.  The 
free  ends  of  the  new  middle  lamella  then  thicken  so  that  in 
transverse  section  a  triangular  mass  is  seen.  This  mass 
enlarges  and  becomes  a  cavity.  As  the  cavity  grows/  the 
cellulose  wall  between  it  and  the  middle  lamella  of  the 
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mother  cell  dissolves  and  the  intra-wall  cavity  becomes  an 
intercellular  space.  As  the  cells  grow  and  pull  apart  from 
each  other  along  extended  areas  of  their  walls/  these  spaces 
become  larger. 

The  intercellular  material  lining  the  newly-formed 
spaces  was  interpreted  by  some  early  workers  as  cytoplasm/ 
while  others  held  that  it  was  of  a  "pectic  nature".  Recently 
the  composition  of  this  lining  has  received  more  attention/ 
and  from  infiltration  experiments  and  microchemical  testS/ 
protein/  cut  in/  and  suberin  have  been  suggested  as  possible 
constituents  (Scott/  1948/  1950/  1963;  Scott  et  ^.  /  1953; 
Sifton/  1957) . 

The  content  of  intercellular  spaces  has  been  a  matter 
of  much  conjecture  and  still  remains  a  controversial  issue. 
Priestley  (1929) /  was  the  first  to  suggest  the  presence  of  a 
nutritive  liquid  in  the  newly-formed  spaces  and  attributed 
the  ability  of  the  apical  cells  to  remain  meristematic  to  the 
movement  of  a  "nutritive  sap"  in  the  spaces  and  along  the 
carbohydrate  cell  walls.  Early  workers  generally  agreed  that 
the  spaces  serve  as  an  "aerating  mechanism"  for  the  internal 
tissues  of  the  plant  (Sifton/  1945) .  In  an  anatomical 
comparison  of  roots  of  white  mustard  and  tomato  (Cormack/  1947) / 
the  probability  that  soluble  nutrients  may  be  transported  by 
the  intercellular  space  system  was  again  suggested.  Experim¬ 
ental  evidence  strengthened  this  view  (Cormack/  1948;  Cormack 
and  Lemay/  1963) . 
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A  recent  publication,  (Sorokin,  1958) ,  shows  clearly 
the  presence  of  an  "intercellular  tubular  material"  in  the 
growing  regions  of  pea  stems  in  addition  to  the  usual  inter¬ 
cellular  lining.  According  to  this  author,  this  intercellular 
substance  is  composed  of  an  outer  lipid  membrane,  an 
unidentified  inner  "gray  matter"  and  a  central  lumen  for  air 
or  gas. 

The  influence  of  intercellular  spaces  on  the  differen¬ 
tiation  and  maturation  of  growing  tissues  has  received  only 
limited  attention  in  the  literature.  Lewis  (1923,  1933), 
although  recognizing  the  presence  of  such  spaces  in  the 
various  tissues  used  for  cell  shape  determinations,  disregard¬ 
ed  their  influence  because  of  their  small  size.  Later  workers 
(Flint,  1949,  1951;  Higinbotham,  1942;  Hulbary,  1944),  found 
a  significant  reduction  in  the  number  of  cell  faces  in 
undifferentiated  tissues  if  intercellular  spaces  were  taken 
into  consideration.  On  the  basis  of  Scott's  work  (Scott, 

1948,  1950;  Scott  et  ,  1953),  Sifton  (1957)  suggests  that 
if  the  lining  of  the  intercellular  spaces  is  composed  of 
polymerized  fats,  it  may  through  its  rigidity  be  a  factor 
in  determining  the  final  size  and  shape  of  cells  and  inter¬ 
cellular  spaces. 

Sinnott  and  Bloch  (1946) ,  attributed  the  formation  of 
a  tr ichosclereid  from  the  smaller  of  a  pair  of  daughter  cells 
in  the  cortex  of  the  air  roots  of  Monstera  deliciosa  to  the 


proximity  of  the  smaller  cell  to  the  intercellular  space 
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system.  Similar  cells  in  the  hypodermis  fail  to  develop 
tr ichosclereids  due  to  the  absence  of  intercellular  spaces 
in  this  tissue.  As  already  noted/  the  intercellular  space 
system  in  the  roots  of  white  mustard  is  held  to  be  an  impor¬ 
tant  factor  in  prolonging  the  protoplasmic  condition  in  the 
trichoblasts  of  the  epidermis  (Cormack/  1947/  1948;  Cormack 
and  Lemay/  1963) . 


qoieveb  Xici  axmTaboqvrf  arf^  * ni  eXX»o  i«Xxflu2 
ae:>£5q3  ifiluX Xooti^jJfix  SDnoeds  9fli  o'J  9ub  8£us^ei33orfoi:fi 

©osqs  leXuXXai^^oini  »b«lon  ^bb'iLb  aA  .sua8x:J  axfC:^  nx 

•joqaii  ns  od  bC9rf  ax  bxsieum  s^X^vr  io  aiooi  nX  ms^teva 
»rf:t  nx  noiXxbnoD  3i(neBXqo:^o:iq  srfX  pni^nolc^q  ax  io:t'J65  :JnfiX 
^osiraoO  •at^X  'iXoBimoO)  axjniBbx qs  s<f:t  5o  8^as£dorfol*xi 

.  (tdex 


i 


■  ■**!'  A,, 

^-n., , 


14 


MATERIALS  AND  METHODS 


PLANT  MATERIAL 

White  mustard  (Sinapis  alba  L,)  was  chosen  for  this 
study  since  previous  anatomical  observations  (Running/  1951; 
Clowes/  1961;  Cormack/  1935/  1947/  1948)/  provided  basic 
information  on  tissue  origin  and  organization  in  the  primary 
root.  However/  a  detailed  anatomical  study  involving  the 
differentiation  and  maturation  rates  of  all  primary  tissues 
has  not  been  reported. 

METHODS 

A.  Tissue  Differentiation  and  Maturation  under  Normal  Conditions 

1.  Standard  growth  procedure 

Seeds  of  Sinapis  alba  L.  obtained  from  Steele-Br iggs 
Seed  Co./  Edmonton/  were  germinated  and  grown  on  filter  paper 
moistened  with  distilled  water.  Petri  dishes  containing  the 
seeds  were  placed  in  the  dark  at  room  temperature  for  a 
growing  period  of  24  hours  after  germination/  by  which  time 
the  primary  root  had  reached  1.0-2. 5  cm.  in  length  and  had 
developed  numerous  fine  hairs.  The  length  of  20  randomly 
selected  roots  was  determined  to  the  nearest  0.5  mm.  with  a 
fine  ruler  (Appendix  I)  and  those  to  be  used  for  permanent 
slides  were  severed  below  the  hypocotyl  with  a  sharp  razor 
blade . 

2.  Preparation  of  permanent  slides 

Excised  root  tips  were  fixed  in  CRAF  V  (Sass/  1940)  for 
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periods  up  to  24  hours.  Dehydration  of  the  roots  with  a 
tertiary  butyl  alcohol  series  beginning  with  50%  and  ending 
with  absolute  alcohol  in  preparation  for  embedding  was 
carried  out.  A  small  amount  of  Erythrosin  B  which  stained 
the  roots  lightly/  to  aid  in  locating  them  once  they  were 
embedded/  was  added  to  the  vials  containing  the  100%  alcohol. 

A  simplification  of  the  usual  embedding  technique  (Johansen/ 
1940) /  was  developed  and  found  to  be  very  satisfactory.  After 
the  roots  had  been  carried  to  absolute  butyl  alcohol/  they 
were  placed  directly  into  vials  containing  used  Fisher 
Tissuemat  (m.p.  56.5°  C.).  Here  they  were  left  for  24  hours 
or  until  the  last  trace  of  butyl  alcohol  had  disappeared.  A 
further  change  of  used  Tissuemat/  followed  within  8  hours  by 
two  successive  changes  of  unused  Tissuemat/  completed  the 
embedding  procedure.  The  hot  Tissuemat  containing  the  roots 
was  poured  quickly  into  2  X  6  cm.  paper  boats  on  a  warming 
plate/  the  roots  arranged  with  a  warm  needle/  and  the  Tissue- 
mat  solidified  uniformly  by  submerging  the  boats  in  ice  water. 
The  embedded  roots  were  mounted  on  wooden  blocks  and  the 
excess  Tissuemat  trimmed  with  a  razor  blade. 

To  follow  the  developmental  changes  in  the  rootS/  both 
transverse  and  longitudinal  sections  were  cut  on  a  rotary 
microtome  (American  Optical  Company/  Model  815) .  Transverse 
sections  were  cut  at  a  thickness  of  12  microns  beginning  at 
the  extreme  apex  of  the  root  while  longitudinal  sections 
were  cut  at  8-10  microns.  All  sections  were  affixed  to 


4 


6  ff:^xw  a^ooT  lo  .amorf  o^  qu  abol'jaq 

pnibrts  bnB  ^2  rf:Mw  pnxnrtxpeo  asi'xaa  lorfools  ix^ud 

sew  ^fixbb->dm9  to^  nox:i6:£Bq«xq  ni  lorfooie  o:tuloBd&  rfilw 
bsnifi^a  rfocrfw  fi  rtXBOiiiijY'^tS  SnuoniB  XXsina  A  ,:fiio  bai'i'iso 
Bono  /nod pnxisool  nx  bxfl  oJ  .YXJffpiX  aitooi  sri^ 
.lorfo^jXs  ^001  ©rf:J  pninx6:>no:?  aX^iv  an:f  o:f  babbe  aw  ^b^bbedins 
%naansf{oL)  aupx(trfoa:t  pnxbbacfffia  XBuat/  nox^BoitlxXqfliia  A 

leS^A  .Y^oJrjs^ai^ea  y^^v  skX  o:^  tnuol  bna  b^oXevab  aew  »  (O^eX 
Y9fl:4  .loffoDXfe  aiploads  baii^so  aaad  bnrf  adoott  odd 

tarfan  baeu  prrxrxis^xroo  aXsiv  oJfti  bei9aXq  aiaw 

ainorf  “xol  Ji&i  313W  '.aif?  siaH  .(.O  ^2.d2  .q,m)  itsmouaaxT 
A  .  bouaaqqBaib  Ketf  XorfooXs  oosid  da/il  odd  Ixdnsj  lo 

Yd  eiuofi  8  rrirf^^xw  bawoIXo^  .iemoyaeiT  bsetf  spnsrio  lodtxu^ 
9ffi  badsXqmoo  v;^om9uaeiT  baei/AiJ  io  aspfierf^  evicaaDDua  owi 
8:^001  odd  pniaxBdnoD  damopaaiT  dod  odT  .OTLuboooiq  pnibbadmo 
pfrxmiBW  6  no  Bdeod  doqaq  .mo  d  X  S  oini  bonvoq  asw 

-©naeiT  add  bfts  ,«»Xb9ef;  ntxsw  s  ffdtw  bap/iBi-jn  e^ooi  erf^  *»t6Xq 
.zodaw  mol  rti  aisod  arid  pnipismdi/a  '{d  YXoixo^lnn  bsiiibxXoa  dam 

p 

odd  briB  aj^ooXd  nabow  nc  bsdnuom  ©dow  adooz  bebbedmm  ©rfr 

^ebsXd  dosaz  s  ri;j.iw  bammx'xi  demsyaalT  aaaoxs 
ridod  vBdood  odd  ni  aapni^o  XsdnaiKqoXavsb  ©dd  wolfoi  oT 

.  •-  -  -S*  ■ 

YTBdoi  s  no  dtro  9d<r.y  ahoi  tbs©  Xsni  bn  dipnoi  bns  aai^vanaid 
oe^t&vanfi'xT  .  (216  vYn&qrrtoO  Isbi dqO  daoizomA)  a/jiodoioira 

-  c 

•  " 

J6  pxiinnipad  enoioim  SX  "io  ©e^n^foirid  6  da  da^o-jaw  anoidpaa 

* 

enoxdbsa  Lanibvdix>nol  oLidw  doo%  arid  do  xsqe  onaidxs  arid 
t>d  baxxddfc  ox©w  anoxdoae  IXA  .ancfioim  OX-6  d&  duo  aiaw 


16 


microscope  slides  with  Haupt ' s  adhesive  (Johansen,  1940) . 

For  most  sections,  a  staining  procedure  according  to  the 
following  scheme  was  used. 

a)  Absolute  xylene 

b)  50/50  absolute  xylene-absolute  ethanol 

c)  95%  ethanol 

d)  85%  ethanol 

e)  70%  ethanol 

f)  Safranin  in  70%  ethanol 

g)  85%  ethanol 

h)  95%  ethanol 

i)  Fast  Green  in  95%  ethanol 

j)  Absolute  ethanol 

k)  50/50  absolute  xylene-absolute  ethanol 

l)  Absolute  xylene 

On  occassion,  Delafield's  Haematoxylin  or  Crystal 
Violet  was  substituted  for  Safranin  and  Fast  Green  and  the 
procedure  as  outlined  by  Johansen  (1940)  was  followed.  The 
stained  tissue  was  mounted  in  Permount  (Fisher  Scientific 
Company)  . 

3 .  Photography 

All  photomicrographs  were  taken  with  a  Zeiss  Photomicro¬ 
scope  (55575)  using  Kodak  Panatomic-X  Film  (FX  135-20) . 

Films  were  developed  in  a  1:1  Dektol  (Eastman  Kodak  Co.) - 
tap  water  solution  at  68*^  F.,  rinsed  for  20  minutes  in 
cool  flowing  tap  water,  immersed  in  Photo-flo  (Eastman  Kodak 


.  (OMI  .rraenfiftol)  avisBifbn  a’JqueH  siiiw  eabile  aqooeo-tolm 
a/fu  pnibiooDfi  aqafaa^ouq  pninifcSs  B  jSrtoi^DaB  'xo'i 

.bdeii  B^w  omexiOB  pfliwolloi 

anaXvx  &juioBdA 
lofifirfis  ^itJIo8c[6-s^®I^^x  QJuXcadJS  06  \05 

lonfirfJs  ^6 
loneifie  >*£0 

Xorrertoa 

Xonfcrf:^9  ei?0V  nx  nxn6:t5fi8 

Xonfcrf:^9  ^ttS 
LofiBfiifa  ^66 
iQnnci^a  ^60  nx  ndsxO 

lorifirf^©  9:?uXo8dA 
lonisrfiJa  a^uXoadfi-^nsIyx  Ddnlotsde  06\0cJ 

snsl'^x  aiuloBdA 

a'bXoxiBleC  ,noxea 
adJ  bn*  nsaxO  bne  nlnBiitS  loi  b9:?jj:J’xdBdua  asw  ieXoiV 

srfT  .bswolloi  aew  (O^ei)  neertBfloli  bsniXduo  as  aiubaDOzq 
oxlxdfidioS  larfsi^)  dni/offis*!  nx  bednyom  afiw  eyeex^  bdnxBda 

.  (YnjsqmoO 
YffqBxpodoxi^  .€ 

-o*3oxnio:^ori<3  bbxsS  js  fUxv/  nsdBd  919 w  Briq£i|jo:ioxinoJorfq  liA 

.  (0S-2CX  X^)  mlil  X-oxmodsnB'i  J^sboH  ^nxay  (6V262)  oqoos 
-(,o0  ^(BboX  ftBfndBBa)  Xod^sQ  X:X  B  nx  bsqoisv^b  s'xsw  ainXia 
ni  Bsdunxm  OS  loi  bsanx^t  ®0d  dB  noxJyXoa  TSiBv/  qfid 
:^0bo)l  nBOTdBB3)  oXi-o^orf*?  ni  baattsrnoTX  ^xsdBv/  qsj  ijn.cwoX^  Xooo 


(ib 

(cf 

(b 

(s 

(5 


(?( 

(X 


17 


Co.)  for  30  seconds  and  hung  to  dry. 

Prints  on  Kodak  Kodabromide  single  weight  F-4  paper 
(Canadian  Kodak  Co.)  were  developed  in  the  same  manner  as 
the  films.  All  photomicrographs  were  enlarged  with  a 
Beseler  Enlarger  (Model  45MX)  ,  as  specified  for  each  figure 
in  the  paper. 

B.  Tissue  Differentiation  and  Maturation  in  Experimental 

Environments 

1.  Aeration 

Seeds  that  had  been  germinated  in  the  usual  manner 
were  placed  on  waxed  filter  paper  floats  with  their  newly- 
emerged  radicles  submerged  in  the  culture  solution.  Since 
the  experimental  period  was  very  short,  the  culturing  medium 
was  simply  distilled  water.  In  one  set  of  experiments,  the 
floats  bearing  the  seedlings  were  placed  on  the  distilled 
water  in  the  dark  at  room  temperature  and  allowed  to  grow 
for  24  hours.  To  study  the  effects  of  aeration  on  tissue 
differentiation  and  maturation,  the  second  set  of  experiments 
differed  only  in  that  a  fine  stream  of  pure  oxygen  was  bubbled 
through  the  distilled  water  for  one-half  hour  before  and 
during  the  experimental  period. 

2.  Temperature 

Experimental  conditions  for  the  third  category  of  roots 
were  nearly  identical  to  those  used  for  the  growth  of  roots 
for  the  major  part  of  this  study.  Seeds  were  germinated  on 
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moist  filter  paper  in  a  petri  dish  in  the  dark  at  room  temp¬ 
erature  and  then  transferred  to  a  constant  temperature 
chamber.  A  range  of  temperatures  (37°  F.  -  100°  F.)  were 
tried  to  determine  the  effect  of  temperature  on  root-tip 
development . 

The  length,  to  the  nearest  0.5  mm.,  of  20  randomly 
selected  roots  from  each  experimental  category  was  obtained 
(Appendix  I)  ,  and  all  roots  selected  for  sectioning  were 
fixed  and  embedded  as  before. 

C.  Intercellular  Spaces  and  their  Content 

1.  Space  size 

A  comparative  study  of  roots  grown  under  reduced 
pressure  with  control  roots  grown  under  atmospheric  pressure 
was  undertaken  to  investigate  the  content  of  the  inter¬ 
cellular  spaces.  This  experiment  was  undertaken  on  the 
assumption  that  if  the  intercellular  spaces  contain  nothing 
but  a  gas,  an  increase  in  size  or  a  misshaping  of  the  spaces 
might  result,  due  to  the  expansion  of  this  gas  against  the 
thin  meristematic  cell  walls. 

For  growth  of  roots  under  reduced  pressure,  seedlings 
were  grown  in  a  specially  designed  apparatus.  Seeds  that  had 
just  germinated  were  placed  on  moist  filter  paper  in  the 
bottom  of  a  small  narrow-mouthed  jar.  A  rubber  balloon 
containing  enough  commercial  oxygen  to  just  inflate  it  was 
placed  over  the  mouth  and  the  jar  made  air-tight  with  string 
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and  hot  paraffin.  The  jar  was  then  placed  inside  a  vacuum 
dessicator  connected  through  a  manometer  to  a  Duo-seal 
vacuum  pump.  Air  was  removed  from  the  dessicator  until  a 
pressure  of  5-10  mm.  of  mercury  was  recorded  on  the  manometer. 
In  so  doing,  the  balloon  expanded  to  occupy  the  greater 
volume  of  the  dessicator,  resulting  in  a  decreased  pressure 
around  the  roots.  The  experiment  was  continued  until  the 
roots  had  reached  1-2  cm.  in  length.  Permanent  slides  were 
prepared  in  the  usual  manner,  in  preparation  for  examination 
and  measurement  of  the  intercellular  spaces. 

2.  Intercellular  space  content 

Fresh  sections  of  primary  roots  grown  on  moist  filter 
paper  were  used  for  investigations  of  intercellular  space 
content.  For  most  of  the  histochemical  and  solubility 
tests,  additional  fresh  sections  of  one  or  more  of  Ricinus 
communis  variety  Zanzibarensis ,  Pisum  sativum,  or  Zea  mays 
grown  in  a  similar  way  were  used  to  confirm  observations 
made  on  white  mustard.  All  fresh  sections  were  cut  directly 
into  distilled  water  or  other  experimental  media  in  prepar¬ 
ation  for  examination  under  the  microscope.  Detailed  methods 
and  concentrations  of  dyes  and  chemical  reagents  will  be 
given  with  the  results. 
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RESULTS 

A.  Tissue  Differentiation  and  Maturation  under  Normal  Conditions 

Although  a  detailed  study  of  tissue  origin  was  not 
intended  in  this  study/  median  longitudinal  sections  prepared 
for  confirmation  of  other  data,  show  the  organization  of  the 
apex  rather  clearly.  Various  interpretations  of  the  pro- 
meristem  of  this  root  have  been  diagrammed  and  discussed  in 
a  recent  text  (Clowes/  1961) .  In  the  present  study/  the 
structure  of  the  differentiating  root  tip  is  analyzed  in  terms 
of  the  mature  regions  to  be  formed?  the  epidermis  and  root  cap/ 
the  cortex/  and  the  vascular  cylinder  (after  Esau/  1953a) . 

Fig.  1  shows  the  three  initial  layers  which  give  rise  to  the 
epidermis-root  cap/  the  cortex/  and  the  vascular  cylinder/  as 
outlined  in  fig.  2. 

The  data  obtained  from  examination  of  roots  grown  under 
normal  conditions  (a  moist-air  environment  at  room  temperature) / 
provide  basic  information  of  the  appearance  and  levels  of 
differentiation  and  maturation  of  primary  tissues  in  the  root 
tip  of  white  mustard.  The  levels  at  which  differentiation 
and  maturation  of  tissues  take  place  are  given  in  terms  of 
distance  behind  the  root-cap  initials  (see  figs.  1/  2  and  4). 

For  convenience  this  region  will  be  referred  to  as  the  root 
apex  or  apex.  The  distances  behind  the  root  apex  were 
calculated  by  multiplying  the  number  of  sections  removed  from 
the  apex  by  the  thickness  of  the  section  (12  p's). 


The  results  are  presented  for  each  individual  tissue/ 
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PLATE  I. 

Figure  1.  (X280)  Median  longitudinal  section  of 

white  mustard  root  tip  showing  the  three 
layers  of  initial  cells  in  the  apical  meri- 
stem.  (a)  initials  which  give  rise  to  the 
epidermis-root  cap  (b)  initials  which  give 
rise  to  the  cortex  (c)  initials  which  give 
rise  to  the  tissues  of  the  vascular  cylinder. 

Figure  2.  (X280)  Median  longitudinal  section  of  the 

root  tip  showing  the  three  primary  tissue  regions 
derived  from  the  initials  marked  in  Figure  1. 

(a)  epidermis-root  cap  (b)  cortex  (c)  vascular 
cylinder 

Figure  3.  (X220)  Transverse  section  of  the  root  tip 

about  300  ji '  s  from  the  root  apex  showing  organ¬ 
ization  of  primary  tissues. 
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followed  by  a  summary  to  show  the  pattern  and  spatial  relation¬ 
ship  of  tissue  differentiation  and  maturation  in  this  root. 

Fig.  3  shows  the  typical  arrangement  of  tissues  as  seen  in 
transverse  view  at  the  level  of  early  differentiation  in  the 
vascular  cylinder/  and  should  be  referred  to  for  an  under¬ 
standing  of  tissue  organization. 

1 .  Root  cap 

The  main  function  attributed  to  the  root  cap  is  that  of 
protecting  the  delicate  meristematic  cells  during  growth  of  the 
root  through  the  soil.  The  root  cap  consists  of  a  cone-shaped 
mass  of  cells  which  are  constantly  being  replaced  by  initials 
in  the  apical  meristem.  The  depth  of  the  root-cap  cone  was 
determined  from  measurements  of  prepared  median  longitudinal 
sections  by  means  of  a  calibrated  eyepiece  micrometer  (see 
Table  I  and  fig.  28) .  In  the  roots  of  white  mustard/  as  in 
most  dicotyledonous  roots,  part  of  the  root  cap  lies  over  the 
surface  of  the  rest  of  the  root  because  some  of  the  cells  at 
the  periphery  of  the  cap  differentiate  on  the  basal  side  of  the 
initials  and  some  on  the  apical  side  (figs.  1  and  2) .  Root-cap 
cells  vacuolate  rapidly,  and  as  a  result  are  the  only  vacuolated 
cells  to  be  seen  in  transverse  sections  at  a  level  slightly 
above  that  of  their  initiation  (figs.  4  and  5) .  By  studying 
transverse  sections,  the  persistence  of  the  root-cap  tissue 
surrounding  the  rest  of  the  apex  was  determined  (Table  I) . 

Figs.  5-9  clearly  show  the  gradual  decrease  in  thickness  of 
the  root-cap  tissue  with  increase  in  distance  from  the  root  apex. 
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PLATE  II. 

Transverse  sections  of  the  root  tip  of  white  mustard 
showing  some  of  the  obvious  changes  in  the  primary- 
tissues  at  various  distances  back  from  the  apex. 

(all  X180) 

Figure  4.  Section  through  the  root-cap  tissue  immediat¬ 
ely  preceding  the  apical  initials.  This  section 
is  referred  to  as  the  root  apex  or  apex  through¬ 
out  the  present  study. 

Figure  5.  Appearance  of  the  root  tip  approximately  80 
^'s  from  the  root  apex.  The  differentiated 
epidermal  cells  surrounded  by  root-cap  tissue, 
the  five  rows  of  cortical  cells  inclusive  of  the 
endodermis,  the  single  row  of  pericyclic  cells, 
and  the  narrow  vascular  cylinder  with  its  diarch 
xylem  plate  already  formed,  are  obvious.  At 
this  level,  small  intercellular  spaces  appear  in 
the  cortex. 

Figure  6.  The  same  root  150  ^'s  from  the  apex.  The  root- 
cap  tissue  has  decreased  slightly  in  thickness,  and 
an  increase  in  circumference  of  the  root  is  obvious. 
Figure  7.  At  300  ja '  s  from  the  apex,  the  root-cap  tissue 
has  diminished  still  further  and  the  root  has 
increased  in  diameter  due  mainly  to  cell  enlarge¬ 
ment.  The  vascular  cylinder  has  increased  in  size 
and  one  sieve  tube  has  differentiated. 
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Figure  8.  At  600  ^'s  from  the  apex,  vacuolation  of  the 
long  cells  of  the  epidermis  and  of  some  of  the 
cortical  cells  is  evident.  The  root-cap  tissue 
surrounding  the  rest  of  the  root  is  now  two 
cell  layers  thick  and  in  many  places  the  outer 
layer  of  cells  is  becoming  crushed.  The 
cortical  intercellular  spaces  have  continued 
to  enlarge  and  are  easily  visible.  Within 
the  vascular  cylinder,  two  sieve  tubes  (the 
cells  lacking  any  contents)  have  become  mature. 

Figure  9.  Section  of  the  root  tip  at  approximately  the 
850  ji  level.  The  long  epidermal  cells  have 
become  conspicuously  vacuolated  while  the  short 
cells  remain  protoplasmic.  The  outer  cortical 
cells  have  also  become  vacuolated.  At  this 
level,  the  root-cap  tissue  is  restricted  to  a 
single  layer  of  cells  surrounding  the  root. 
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One  complete  row  of  cells  persists  to  about  1200  microns  from 
the  apex  (fig.  9) /  after  which  time  the  root-cap  tissue  is 
completely  sloughed. 

When  living  root  tips  are  stained  with  IKI,  the  cells 
of  the  root  cap  give  a  positive  test  for  starch  (figs.  11 
and  12) .  Starch  grains  are  apparent  in  this  tissue  from  the 
time  the  radicle  emerges.  With  an  increase  in  root  length/ 
the  size  and  quantity  of  starch  grains  increases.  When 
seedlings  are  allowed  to  grow  until  the  appearance  of  the 
first  leaves/  there  is  a  further  increase  in  the  amount  of 
starch  deposited  in  the  root-cap  cells.  At  no  time  during 
the  growth  of  the  primary  root  is  there  a  noticeable  decrease 
in  the  starch  content  of  these  cells  as  would  be  expected  if 
it  were  being  used  up  during  growth.  Experiments  were 
designed  to  test  this  observation.  Numerous  seedlings  were 
grown  either  on  moist  filter  paper  or  in  water  culture  and 
examined  at  frequent  intervals.  Both  categories  of  roots 
were  allowed  to  grow  until  the  first  leaves  had  begun  to 
carry  on  photosynthesis.  When  the  root  caps  of  these  roots 
were  tested  for  the  presence  of  starch/  little  difference  in 
the  amount  of  starch  could  be  found. 

A  second  experiment  was  designed  to  investigate  the 
fate  of  the  starch  grains  when  the  roots  are  severed  from  the 
food  supply  in  the  cotyledons.  Seedlings  with  well-developed 
roots  were  chosen  for  the  experiment.  Twenty  roots  were 
excised  just  below  the  hypocotyl/  measured/  and  placed  on 


..aowxm  OOU  o;.  aXXao  ’lo  wo:x  eialqa^oo  ^nO 

«i  acaeiJ  qeo-ioo'i  srfi  «wiii  rfoiifw  i»«8  .(?  -VH) 

.berf^uolB 

elt®o  erfX  -I^X  beniBia  bib.  aqx^^  pniviX  nBJfW, 

XX  .8bX5)  rfo«i«  loi  BsrxixBoq  a  flvi®  qeo  Jooi  srf^  Xc 

aril  moil  9t)89i^  airf^  ni  insuBqqe  oie  aoistcp  tfo:i6ja  .  (SX  bni 
.rfxpnsl  Soo^  nx  98B®-xoni  rtB  rtliW  .aap^am*.  »Xoxfa6i  arii  ®mx; 

.8«aee:toni  ania^xf.  rfoua^a-Jo  »«* 

9ff3  io  aona^fBBqqa  arfS  Xi.^nu  wot?  qJ  bswoXta  aia  epniIbBs 
io  JraxomB  Brii  ni  aaaoxoni  serfiiui  a  ei  siarii  .esvasi  iatti 
pci/iub  9mx3  Oft  3A  .aXlBo  qeo-Joo:i  arii  ni  beiiaoqefa  rio:iai 
aaaexoab  *Xda®oi3on  a  aiBilJ  ai  iooi  t£iBmi:iq  add  io  rfiwoap  ori 
ii  ba.toaqxe  ad  E>ino«  ea  a  Xiao  aaadd  io  insdnoo  ffoir.da  add  n 
9:1a--  adnamiuaqxS  .rfdwottp  pnidub  q«  baao  enlaX  aiaw  d 
93ew  spnxXbaaa  auodamutl  .noidBv^aado  alitd  dead  od  banpxes 
b„B  adodino  iad^  nx  :fo  doqaq  dadXii  daiom  no  detfdia  t*fo: 
adood  io  aaidopodBO  ridoH  .alBVdodni  dnaupeii  dB  banimB: 
od  nnpad  barf  aavBaX  daiii  arid  Xidnn  wodp  od  be^oXia  ad< 
adood  aearid  10  aqao  dood  arid  nariw  .axearidnvaodoriq  no  -fdd. 
ni.  aonadaiixb  aiddxX  >rft.dBda  io  aoneaadq’arid  toi  badaad  ad 

,bnuolt  od  bltfOD  ^{o‘l6:^a  0 

..  arid  adapidaavftx  od  banpiaab  aaw  dnamidaqxa  bnosaa  A 
orid.  ,nodi  bodavaa  adB  adood  arid  n^  aniadg  rfsdada  arid  io  ad 
b^qoIav9b-XX9W  ridiw  epniXbaaa  .anobaXx^^oo  arid  ni  .viqqna  be 
9ds<rf  adood  Yin-'-^T  .dnamidaqxa  arid  doi  noaorio  adaw  adc 
no  baoBlq  bna  >faodue6am  avdoooqYrf  arid  woXad  daufc  baai: 


25 


numbered  filter  paper  in  a  petri  dish.  Demineralized  distilled 
water  was  added  to  the  filter  paper  to  keep  the  roots  moist 
and  living.  As  a  control/  20  intact  seedlings  were  measured 
and  placed  under  the  same  growing  conditions.  After  20  hours 
in  the  dark  at  room  temperature/  10  control  roots  and  10 
excised  roots  were  removed  from  the  petri  dish/  measured  and 
tested  for  the  presence  of  starch.  Root  caps  of  all  10 
control  roots  stained  heavily  with  IKI  indicating  a  large 
amount  of  starch  still  present  in  the  root-cap  cells.  On  the 
other  hand/  root  caps  of  excised  roots  varied  considerably  in 
this  respect.  Four  root  caps  gave  a  negative  test  for  starch/ 
two  stained  nearly  as  heavily  as  the  controls/  while  the 
remaining  four  gave  a  positive  test  but  contained  fewer  starch 
grains  than  the  controls. 

The  remaining  roots  were  placed  back  in  the  dark  for 
another  24  hours.  At  the  end  of  this  time/  the  root  caps  were 
tested  and  there  was  a  noticeable  reduction  in  the  amount  of 
starch  in  all  of  the  excised  root  tips.  From  numerous 
examinations  it  is  evident  that  the  root-cap  cells  of  white 
mustard  normally  contain  a  large  amount  of  starch  which  is 
not  exhausted  by  the  root  in  the  early  stages  of  growth  as  long 
as  the  cotyledons  are  intact.  The  results  of  these  experiments 
support  the  view  of  Netolitzky  (1935) /  that  starch  stored  in 
the  root  cap  is  used  only  under  conditions  of  extreme  starva¬ 


tion  . 
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2,  Epidermis 

Roots  of  white  mustard  have  a  uniseriate  epidermis 
consisting  of  alternating  rows  of  short  and  long  cells.  In 
transverse  sections/  the  short  cells  are  observed  to  be 
wedge  shaped  and  in  contact  with  two  cortical  cells  (see  fig. 

3)  .  The  long  cells  situated  between  two  short  cells  are 

observed  to  be  radially  elongated  and  to  vacuolate  much  earl¬ 
ier  than  the  short  cells  (figs.  3/  9  and  10) .  There  are 
usually  2  to  3  long  cell  rows  to  every  row  of  short  cells. 
Differentiation  of  the  epidermis  into  short  and  long  cells 
occurs  within  a  range  of  24-60  microns  from  the  root  apex 
(Table  I) .  Although  these  values  are  lower  than  those 
reported  previously  (Cormack/  1947/  1948)/  a  different 
criterion  was  used.  In  this  study/  measurements  were  made 
from  the  top  of  the  root-cap  initials  (see  figs.  1/  2,  and 

4)  /  and  as  soon  as  a  difference  in  cell  shape  is  obviouS/  the 
epidermal  layer  is  considered  differentiated.  Previous  values 
were  obtained  from  epidermal  strips  including  the  root-cap 
tissue.  When  first  differentiated/  both  cell  types  are 
densely  protoplasmic  and  have  a  prominent  nucleus  (fig.  5) . 

Many  recent  periclinal  divisions  adding  cells  to  the  root  cap 
are  obvious  at  this  stage.  As  the  root  grows  in  length/  the  long 
cells  undergo  tangential  enlargement  whereas  the  short  cells 
undergo  anticlinal  longitudinal  divisions  to  keep  pace  with 

the  increasing  circumference  of  the  root  (fig.  6) . 

In  the  20  roots  examined/  the  long  cells  of  the  epidermis 
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begin  to  vacuolate  at  an  average  distance  of  260  microns 
from  the  apex  (see  Table  I  and  fig.  8) /  while  the  short  cells 
remain  densely  protoplasmic  until  about  800  microns  from  the 
apex.  At  average  distances  of  827  and  1587  microns/  one- 
half  of  the  long  and  short  cells  respectively  are  completely 
vacuolated  (Table  I) . 

A  characteristic  feature  of  the  short  epidermal  cells 
is  their  ability  to  "push  out"  small  papillae  which  become 
the  root  hairs.  At  the  time  the  papillae  are  formed/  most  of 
the  long  epidermal  cells  are  completely  vacuolated.  Living 
roots  were  examined  with  a  Spencer  student  microscope  (lOX 
ocular)  and  the  distance  from  the  root  apex  to  the  first- 
formed  papillae  determined  with  a  calibrated  eyepiece 
micrometer.  The  range  of  values  obtained  (1770-2655  p's),  is 
slightly  higher  than  when  permanent  slides  are  examined  (1327- 
2383  ^'s).  Likewise/  the  mean  of  the  measurements  using 
living  roots  is  higher  than  the  corresponding  mean  for 
permanent  sections  (see  Table  I) .  During  fixation  and  embedding/ 
many  of  the  epidermal  cell  walls  become  buckled  making  it 
difficult  to  tell  by  the  examination  of  prepared  sections/ 
where  the  first  papillae  arise.  Therefore/  the  values 
recorded  for  fresh  roots  are  considered  more  reliable.  The 
short  epidermal  cells  are  considered  to  be  entering  their 
maturation  phase  when  the  root-hair  papillae  begin  to  appear. 
Since  the  long  cells  normally  do  not  produce  root  hairS/  they 
are  considered  mature  when  they  are  completely  vacuolated. 
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PLATE  III. 

Figure  10.  (X1300)  Transverse  section  at  500  jjl's 

from  the  root  apex  showing  the  contrast  in 
vacuolation  of  short  and  long  cells  of  the 
epidermis.  The  triangular  intercellular 
space  below  the  short  cell  borders  on  the 
space  system  of  the  cortex.  (s)  short  cell 
(1)  long  cell  (r)  root-cap  cells 

Figure  11.  (X400)  Median  longitudinal  section  of  the 

root  tip  stained  with  Crystal  Violet.  Large 
starch  grains  are  evident  in  the  root-cap  cells. 

Figure  12.  (X1300)  Fresh  section  of  root-cap  tissue 

stained  with  IKI  showing  starch  grains  which 
are  stained  a  deep  purple. 

Figure  13.  (X1300)  Permanent  transverse  section  of  the 

root  tip  approximately  40  ^'s  from  the  apex.  At 
this  level,  the  first  intercellular  spaces  appear 
in  the  middle  cortical  tissue. 

Figure  14.  (X1300)  Intercellular  spaces  of  the  same 

root  at  120  p's  from  the  apex. 

Figure  15.  (X1300)  Intercellular  spaces  at  600  ^'s  from 

the  apex.  At  the  top  of  the  photomicrograph,  the 
triangular  spaces  bordering  on  the  epidermal  cells 


are  apparent. 
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TABLE  I 

Levels  of  tissue  differentiation  and  appearance  of  other 
features  in  the  epidermis  and  root  cap  of  roots  grown  under 
normal  conditions.  All  measurements  are  in  microns  and 
refer  to  distances  from  the  root  apex.  Range  and  mean  values 
were  obtained  from  a  minimum  of  15  roots  and  a  maximum  of  20 
roots , 


Range 

Mean 

Long  and  short  ep.  cells  diff. 

24 

— 

60 

48 

Long  cells  begin  vac. 

139 

— 

307 

260.6 

Short  cells  begin  vac. 

487 

— 

1363 

800.6 

One-half  long  cells  compl.  vac. 

643 

— 

1087 

827.8 

One-half  short  cells  compl.  vac. 

1327 

— 

1723 

1587.8 

Root-hair  papillae  appear  (perm) 

1327 

— 

2383 

1923.8 

Root-hair  papillae  appear  (fresh) 

1770 

— 

2655 

2197.8 

Root cap  -  from  apex  to  tip 

163.4 

- 

228 

185.2 

Rootcap  -  4+  cell  layers  appear 
in  transverse  sections 

204 

— 

336 

283.2 

Rootcap  -  3  cell  layers 

288 

— 

492 

397.6 

Rootcap  -  2  cell  layers 

420 

— 

804 

617.6 

Rootcap  -  1  cell  layer 

876 

— 

1404 

1137.6 

Abbreviations : 

compl , 
ep . 
dif  f . 
perm, 
vac . 


-  complete 

-  epidermal 

-  differentiate 

-  permanent  slide 

-  vacuolated 
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From  this  study,  it  is  obvious  that  both  epidermal  cell  types 
mature  approximately  2000  microns  beyond  the  point  at  which 
they  are  first  differentiated. 

3.  Cortex 

In  white  mustard  roots,  the  five  rows  of  cortical  cells, 
inclusive  of  the  endodermis,  are  typically  opposite  in  arrange¬ 
ment  (Cormack,  1947),  (see  fig,  3).  The  row  of  cells  destined 
to  become  the  endodermis  and  regarded  as  being  "cambium-like" 
by  Williams  (1947) ,  gives  rise  by  successive  cell  divisions 
to  the  remaining  four  rows.  When  first  formed,  the  cortical 
cells  appear  brick-shaped  in  transverse  section  and  are 
densely  protoplasmic  (figs.  5  and  6) .  By  frequent  anticlinal 
divisions  in  the  outer  rows  of  cells,  the  cortex  keeps  pace 
with  the  increase  in  circumference  of  the  root.  With  growth 
and  maturity,  the  outer  cells  become  dome-shaped  in  transverse 
view  (figs.  7  and  8) ,  and  eventually  highly  vacuolated. 

As  the  cortical  cells  continue  to  grow,  they  round-up 
and  pull  apart  from  each  other  at  the  corners,  producing 
small  intercellular  spaces  which  enlarge  with  the  growth  of 
the  root  (see  figs.  13,  14  and  15).  From  the  beginning  of 
their  development,  these  spaces  measure  an  average  of  3-4  ji' s 
across  their  widest  diameter.  Measurements  of  intercellular 
spaces  between  the  fourth  and  fifth  (outermost)  row  of 
cortical  cells  show  an  increase  in  average  size  with  increas¬ 
ing  distance  from  the  root  apex  (Table  VII).  At  840  p's  from 
the  root  apex,  the  average  size  of  the  spaces  has  increased 
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to  approximately  10  p's.  At  distances  beyond  this/  accurate 
measurements  of  intercellular  space  size  could  not  be  made, 
because  the  highly  vacuolated  plant  tissue  becomes  distorted 
with  fixing  and  cutting. 

Although  the  conspicuous  vacuolation  of  the  cortical 
parenchyma  can  be  judged  only  subjectively  (Popham/  1955)  / 
a  general  centripetal  trend  is  obvious  (Table  II) .  An 
exception/  the  earlier  vacuolation  of  the  second  row  (from  the 
epidermis)  as  compared  to  the  outer  row/  might  possibly  be 
explained  on  the  basis  of  cell  position.  The  outer  row  is 
in  closer  contact  with  the  external  environment  and  therefore 
within  access  of  a  readier  oxygen  supply.  Vacuolation  of  the 
remaining  cell  rows  is  definitely  centripetal  and  can  be 
explained  on  the  basis  of  decreasing  age  of  cells  and  increas¬ 
ing  proximity  to  the  food  conducting  elements  with  each 
layer  of  cells  inward. 

Staining  living  roots  with  IKI  confirmed  the  fact 
that  like  most  dicotyledonous  roots,  the  cortical  cells  of 
white  mustard  are  parenchymatous  storage  cells  containing  an 
abundance  of  small  starch  grains. 

The  innermost  row  of  cells  is  referred  to  as  the 
endodermis  (fig.  3) .  In  its  embryonal  stage,  the  cells  of 
this  layer  resemble  the  majority  of  meristematic  cells  in 
that  they  are  protoplasmic  and  capable  of  dividing.  Since  the 
endodermis  occupies  an  interfacial  position  between  two 
extremely  different  tissue  systems  ^.e.  the  vascular  cylinder 
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and  the  cortex/  many  functions  have  been  attributed  to  it. 

As  the  primary  and  subsequent  phases  develop/  the  endodermis 
becomes  a  barrier  to  the  rapid  diffusion  of  water  and  solutes 
across  the  root  tissues  (Priestley  and  North,  1922?  Van  Fleet, 
1961) .  The  ability  of  the  endodermis  to  prevent  the  leakage 
of  water  from  the  vascular  cylinder  back  to  the  surface  of 
the  root  may  account  in  part  for  the  ascent  of  water  in 
plants  (Priestley  and  Tupper-Carey,  1922;  Van  Fleet,  1961). 

The  characteristic  endogenous  origin  of  branches  on  roots 
and  the  exogenous  origin  of  branches  on  stems,  may  in  part 
be  explained  by  the  presence  or  absence  of  an  endodermis 
(Priestley,  1922) . 

In  white  mustard  roots,  a  continuous  cylinder  of 
endodermal  cells  becomes  apparent  approximately  40  ^'s  from 
the  root  apex  (Table  II) ,  but  the  Casparian  strip  represent¬ 
ing  the  primary  phase  of  maturation  of  the  endodermis  (Priestley 
and  North,  1922)  ,  is  not  laid  down  until  approximately  2000- 
3000  p's  from  the  apex.  It  has  been  demonstrated  by 
solubility  tests  and  staining  reactions  that  the  Casparian 
strip  is  most  probably  composed  of  lignin  and  fatty  acids 
(Priestley  and  North,  1922;  Van  Fleet,  1961).  In  roots  with 
a  small  diameter.  The  Casparian  strips  are  very  narrow  and 
difficult  to  identify  in  prepared  sections  because  of  the 
buckling  of  the  thin  cell  walls  during  fixation  and  cutting 
(Esau,  1940;  Heimsch,  1951) .  Because  of  this  difficulty, 
fresh  sections  were  cut  transversely  and  stained  with 
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TABLE  II 

Levels  of  tissue  differentiation  and  appearance  of  other 
features  in  the  cortex  of  roots  grown  under  normal  con¬ 
ditions.  All  measurements  are  in  microns  and  refer  to 
distances  from  the  root  apex.  Range  and  mean  values  were 
obtained  from  a  minimum  of  15  roots  and  a  maximum  of  20 
roots . 


Range 

Mean 

Endodermis  -  compl.  cyl . 

24 

-  48 

38.4 

Endodermis  -  Gasp,  strip  (f.h.) 

2000 

-  3000 

— 

First  intercellular  space 

24 

-  48 

39.2 

Cortical  par.  -  high.  vac. 

(outer  or  5th  row) 

655 

-  1110 

801.4 

Cortical  par.  -  high,  vac, 

(4th  row) 

595 

-  1063 

788.6 

Cortical  par.  -  high.  vac. 

(3rd  row) 

631 

-  1231 

914.2 

Cortical  par.  -  high,  vac, 

( 2nd  row) 

665 

-  1291 

986,2 

Cortical  par.  -  high.  vac. 

(inner  or  endodermis) 

919 

-  1795 

1315.0 

Abbreviat ions : 


compl . 

-  complete 

cyl . 

-  cylinder 

high. 

-  highly 

vac . 

-  vacuolated 

f.h. 

-  free-hand 

par. 

-  parenchyma 
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Polychrome  Methylene  Blue  (Van  Fleet/  1950)/  to  obtain 
information  on  the  level  of  the  first  appearance  of  the 
Casparian  strip.  The  Casparian  strips  indicated  in  fig.  22 
are  stained  in  this  manner. 

4,  Vascular  cylinder 

In  the  primary  root/  the  vascular  cylinder  or  stele 
constitutes  all  the  tissue  inside  the  endodermis  (see  fig.  3) . 

The  outermost  row  of  cells  of  the  vascular  cylinder/  the 
pericycle/  is  recognizable  as  a  continuous  cylinder  approximately 
60  jji '  s  from  the  root  apex  (Table  III).  When  all  primary  tissues 
are  mature/  the  pericycle  gives  rise  by  repeated  cell  divisions 
to  the  development  of  secondary  roots. 

In  the  present  study/  only  primary  vascular  tissue 
(tissue  derived  from  the  initial  cells  in  the  meristem)  is 
considered.  The  terms  protoxylem  and  protophloem  are  applied 
to  the  xylem  and  phloem  cells  which  mature  in  advance  of  the 
other  vascular  elements  and  which  by  their  position  mark 
the  pattern  of  subsequent  maturation  of  primary  vascular 
tissues.  The  location  of  these  first  vascular  cells  may  be 
referred  to  as  the  protoxylem  and  protophloem  poles. 

Contrary  to  general  opinion/  the  metaxylem  differentiates 
slightly  before  the  protoxylem  and  well  in  advance  of  the 
protophloem  (Table  III) .  Figure  16  shows  the  first  differ¬ 
entiated  metaxylem  cell  which  appears  elliptical  and  enlarged 
in  transverse  section.  Figure  11,  approximately  60  p's  from 
the  apex/  shows  further  differentiation  and  enlargement  of 
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PLATE  IV. 

Figure  16.  (X1300)  Permanent  transverse  section 

of  the  root  tip  approximately  50  p's  from 
the  root  apex.  The  limits  of  the  vascular 
cylinder  are  visible  and  the  first-differen¬ 
tiated  metaxylem  cell  as  indicated  by  the 
arrow  has  enlarged. 

Figure  17.  (X600)  The  same  root  approximately 

80  p ' s  from  the  apex  showing  the  diarch 
xylem  plate  confined  by  the  two  protoxylem 
poles  as  indicated  by  the  arrows. 

Figure  18.  (X1200)  Transverse  section  of  the  root 

tip  approximately  3000  p's  from  the  apex.  At 
this  level,  one  protoxylem  element  (as  indicat¬ 
ed  by  the  arrow)  is  mature. 

Figure  19.  (X600)  Transverse  section  of  the  same 

root  shown  in  Figure  18  at  approximately  4000 
p's  from  the  apex.  Arrows  indicate  a  mature 
protoxylem  element  at  each  protoxylem  pole. 

Figure  20.  (X400)  Fresh  section  of  white  mustard 

root  tip  approximately  2  cm.  from  the  apex, 
showing  the  centripetal  maturation  of  the 
primary  xylem. 

Figure  21.  (X1600)  Permanent  median  longitudinal 

section  of  the  root  tip  showing  typical 
secondary  wall  thickenings  of  the  protoxylem. 
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cells  on  either  side  of  the  first  elliptical  metaxylem  cell. 

At  this  point/  both  protoxylem  cells  (as  indicated  by  the 
arrows)  are  differentiated  and  mark  the  outer  limits  of  the 
diarch  xylem  plate.  Cells  on  either  side  of  the  xylem  plate 
remain  undifferentiated  and  meristematic  at  this  time. 

While  the  xylem  cells  continue  to  enlarge  and  vacuolate/ 
changes  in  cells  at  right  angles  to  the  xylem  establish 
the  location  of  the  protophloem  poles.  Differentiated  proto¬ 
phloem  sieve  tubes  are  easily  recognizable  from  the  surrounding 
cells  by  their  pentagonal  shape  and  heavier  stained  appearance 
as  viewed  in  transverse  section  (Esau/  1941;  Heimsch/  1951). 

At  an  average  distance  of  278  jji's  from  the  root  apex/  a  sieve 
tube  cell  at  one  pole  is  differentiated  (Table  III) .  Often  to 
establish  the  level  of  first  differentiation  as  accurately 
as  possible/  a  well-developed  sieve  tube  was  followed  through 
successively  younger  sections  until  the  initial  signs  of 
differentiation  were  noticed.  In  fig.  23  the  arrow  at  the 
right  points  to  a  sieve  tube  which  is  differentiated  already 
and  the  arrow  at  the  left  points  to  a  sieve  tube  which  is 
just  beginning  to  differentiate.  This  establishes  the 
alternate  arrangement  of  primary  vascular  tissue  characteristic 
of  roots.  Maturation  of  the  first-differentiated  sieve 
tubes  proceeds  rapidly/  one  generally  maturing  in  advance  of 
the  other  (see  figs.  24  and  25) .  Sieve  tubes  are  regarded 
as  mature  when  they  show  a  scarcity  of  stainable  contents  and 
the  absence  of  a  nucleus  (Esau/  1941;  Heimsch/  1951).  In 
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PLATE  V. 

Figure  22.  (X2000)  Transverse  section  of  a  living 

root  tip  at  approximately  2-3  mm.  from  the 
apex  stained  with  Polychrome  Methylene  Blue. 
Arrows  indicate  the  Casparian  strip  which  is 
stained  a  deep  blue. 

Figure  23.  (X600)  Permanent  transverse  section  at 

300  p's  from  the  apex.  At  the  right,  a  sieve 
tube  cell  is  easily  recognizable  while  at  the 
left  another  has  just  differentiated. 

Figure  24.  (X600)  The  same  root  approximately  50  p's 

beyond  the  level  shown  in  Figure  23.  The  first- 
differentiated  sieve  tube  to  the  right  shows 
conspicuous  vacuolation  while  the  other  to  the 
left  is  now  easier  to  see  because  of  its  heavier 
staining  walls. 

Figure  25.  (X600)  Transverse  section  of  another  root 

at  a  similar  level  as  that  in  Figure  24.  The 
heavier  staining  walls  of  the  sieve  tubes  are 
more  striking  in  this  root. 

Figure  26.  (X600)  Section  at  500  p's  from  the  apex 

showing  a  mature  sieve  tube  at  both  protophloem 
poles . 

Figure  27.  (X600)  Transverse  section  approximately 

4000  p's  from  the  apex.  Arrows  indicate  sieve 
tubes  that  have  differentiated  centripetally  in 
relation  to  the  first  two. 
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the  roots  examined  in  detail/  the  first  sieve  tube  to  mature 
is  found  at  an  average  distance  of  400  jj '  s  from  the  apex/ 
while  the  second  is  found  just  slightly  beyond  this  level 
(Table  III) .  Figure  26  shows  the  root  at  a  level  where  two 
sieve  tubes  are  mature.  Additional  sieve  tubes  are  observed 
to  differentiate  centripetally  with  respect  to  the  first 
sieve  tube  cells  at  approximately  3000  p's  from  the  apex 
(see  fig.  27) . 

After  the  sieve  tubes  at  the  protophloem  poles  have 
differentiated  and  matured/  further  changes  indicative  of 
maturation  occur  in  the  cells  of  the  xylem  plate.  Lignif icat ion 
of  the  cell  walls  is  held  to  be  an  early  indication  of  maturity 
in  xylem  cells.  However/  they  are  not  considered  fully  mature 
until  they  have  lignified  secondary  walls/  and  have  lost  both 
nucleus  and  cytoplasm  (Esau/  1940;  Heimsch/  1951).  Because 
of  the  difficulty  encountered  in  obtaining  suitable  transverse 
sections  of  the  living  root/  a  new  method  was  tried.  A 
longitudinal  slit  through  the  epidermis  and  cortex  was  made 
with  a  pair  of  fine  needles  under  a  dissecting  microscope. 

The  tissue  was  laid  back  exposing  the  intact  vascular  cylinder. 

A  saturated  solution  of  Phloroglucinol  in  95%  ethanol  was 
added  followed  by  a  drop  of  concentrated  HCl  (Johansen/  1940) . 
The  treated  sections  were  then  examined  with  a  Spencer 
student  microscope  and  the  distance  from  the  root-cap  initials 
to  the  first  signs  of  lignif ication  measured  with  a  calibrated 
eyepiece  micrometer  (Table  III  Lignified  xylem  f.h.).  The 
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first  deposits  of  lignin  in  the  cell  walls  appear  light  red 
when  stained  with  Phloroglucinol .  The  degree  of  lignifica- 
tion  is  indicated  by  the  intensity  of  the  staining  reaction. 
Lignin  in  well-developed  xylem  vessels  stains  a  deep  cherry 
red  with  this  stain.  Further  measurements  using  a  saturated 
solution  of  Benzidine  in  glacial  acetic  acid  as  the  stain/ 
gave  approximately  the  same  results  (Table  III) .  With  this 
stain/  lignified  cell  walls  stained  a  yellow-orange/  the 
intensity  depending  upon  the  amount  of  lignin  deposited. 

The  lignified  secondary  wall  thickenings  of  the  protoxylem 
cells  are  always  helical/  annular/  or  intermediate  in  type 
(fig.  21) .  These  maturing  cells  are  first  recognized  at 
approximately  2800  p's  from  the  root  apex  and  are  located 
at  the  periphery  of  the  vascular  cylinder.  Invariably/ 
lignified  wall  thickenings  are  observed  at  one  protoxylem 
pole  slightly  in  advance  of  the  other.  Since  at  this  stage 
they  still  contain  cytoplasm  and  a  nucleus/  they  are  not 
considered  fully  mature.  The  protxylem  element  indicated 
in  fig.  18  is  the  first  mature  xylem  element  in  this  root. 

In  the  roots  examined/  the  occurrence  of  the  first  mature 
protoxylem  element  ranges  from  2052-4274  p's  from  the  root 
apex  (Table  III)  .  Once  again/  due  to  the  difficulty  in 
obtaining  suitable  transverse  sections  of  this  root/  it  was 
impossible  to  make  accurate  measurements  of  further  maturing 
xylem  elements.  However/  by  examination  of  a  few  good  slides 
some  indication  is  obtained  as  to  how  further  maturation  takes 
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TABLE  III 

Levels  of  tissue  differentiation  and  maturation  in  the 
vascular  cylinder  of  roots  grown  under  normal  conditions. 
All  measurements  are  in  microns  and  refer  to  distances  from 
the  root  apex.  Range  and  mean  values  were  obtained  from  a 
minimum  of  15  roots  and  a  maximum  of  20  roots. 


Range 

Mean 

One  sieve  tube  diff. 

204 

— 

336 

278.4 

Two  sieve  tubes  diff. 

252 

— 

348 

308.8 

Mature  sieve  tube 

336 

— 

468 

401.6 

Two  mature  sieve  tubes 

360 

— 

504 

432.8 

Metaxylem  diff. 

36 

— 

60 

47.2 

Protoxylem  diff. 

36 

— 

72 

56 

Xylem  -  lig.  wall  (f.h.) 

1600.8 

— 

4287.2 

2793.9 

Xylem  -  lig.  wall  (f.h.)  -  Benz. 

1814.4 

— 

4422.6 

3237.8 

Mature  protoxylem 

205  2 

— 

4274 

3157.8 

Pericycle  -  compl.  cyl. 

36 

- 

72 

56.8 

Abbreviat ions : 


cyl . 

-  cylinder 

compl . 

-  complete 

diff. 

-  differentiate 

f.h. 

-  free-hand 

Benz . 

-  Benzidine 

lig. 

-  lignified 
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place.  As  indicated  in  fig.  19,  the  xylem  element  at  the 
opposite  protoxylem  pole  is  next  to  mature.  From  fig.  20, 
a  fresh  transverse  section,  the  centripetal  maturation  of 
further  xylem  elements  can  be  followed.  The  larger  meta- 
xylem  cells  toward  the  centre  of  the  section  lignify  and 
mature  after  the  smaller  protoxylem  elements.  In  the  present 
study,  roots  were  not  grown  for  a  sufficient  length  of  time 
to  observe  the  complete  lignif ication  and  maturation  of  the 
entire  xylem  plate,  but  it  is  obvious  from  fig.  20  that 
although  the  central  metaxylem  cells  are  the  first  to 
differentiate  (fig.  16)  ,  they  are  the  last  to  mature. 

5.  Summary  of  levels  of  primary  tissue  differentiation 
and  maturation  in  white  mustard  root  tips 
When  the  data  recorded  in  Tables  I,  II,  and  III  are 
summarized  by  diagramatic  representations  of  the  root  tip, 
the  difference  between  the  levels  of  differentiation  and 
maturation  of  the  various  tissues  is  obvious.  Figure  28 
shows  the  spatial  relationship  of  tissue  differentiation  and 
maturation  in  longitudinal  view,  while  figs.  29  (a)  ,  (b)  and 

(c)  show  the  same  relationship  in  transverse  section.  Figures 
28  and  29  (a)  clearly  show  that  the  majority  of  primary 

tissues  differentiate  within  100  p's  of  the  root  apex.  At 
this  stage  the  root  cap  consists  of  four  rows  of  cells 
surrounding  the  rest  of  the  root  apex  (fig.  29a)  ;  the  epidermis 
is  differentiated  into  short  and  long  cells;  the  endodermis 
or  "proendodermis"  (Popham,  1955) ,  is  recognizable  as  a 


Jnsm&Ie  amXyx  sifJ  -pii  nx  bo:Jsoxbni  aA  .sDfiXq 

fi  ^ 

,0S  .pii  moi'5  o:t  ^xsn  ei  dioq  molYXOioiq*  ©Jxaoqqo 

5o  noxJfiix/:?5fn  lat&qi'i^nao  9ff:ti  «aoi^‘:>ae  eaievcnfii^  rfasii  s 
iispxjsX  adT  ,5dwoIXo5  ecf  ciso  n:tn9mel9  xnaXY^ 
bnfi  Y^rnpiX  noiJ:>^8  9iXna:>  bxfiwo^  allsD  malyx 

inaeeiq  drf:J  rtl  .aXnsmelo  meilYXOJ^^o'tq  xeXX&niB  sdi  isS^b  etuiBm 
sini:t  'io  rfifpneX  inaxDii^c^e  a  aoi  nwoxp  :ron  a^aw  bJooi 
arfx  aO  ncxifaix/JBin  bna  noi^feoi^xripxX  a^aXqmoo  art:*  av'iaado  o:t 
isff^  0£  .piX  moT^  ai/oivdo  ax  dfx  ^ud  ^oJelq  melypc  aiiSno 
oi  ^8xxl  arf:)  aia  aXXao  maXyxazJam  iB'iJmD  arf^  rfpuorfiXa 
.extf^em  od  :r8Bi  s/tt  ejB  '^ctr  ,  (dX  .pii)  aitBx^^nexeiixb 
nox:*Bi:>naxa^ixb  aiiaaii  ynBmi'xci  io  aXaval  io 

aqx:t  ^oo"i  siirfw  ni  nox:JB'ii;^Bm  bnB 

» 

exB  III  bnfi  »IX  laXcfBT  at  babxosai  BitBb  sdx  narfW 
»qi:f  :toox  »rf:t  anol 5 B^na as xqai  oi^Bmexp/Bib  Y*^  basixammua 

boB  ^oxSBiSne^9^:iIb  io  aXavaX  eifJ  naaw:t9d  sonaxaXXlb  erfcJ 
8£  aiLfpn  .ai/oxvdo  ai  asuaaxi  ax/oxxBV  sfXt  io  nox:tBii;:tB/D 
biiB  nox^tx^nsTaiixb  auaax:f  io  qXrf8nox::tBXax  XaidBqa  arf^  awoda 
fane  (d)  »  (b)  es  .epxi  aXxdw  »waXv  ianibt/JxpnoX  nX  nox:JBip^Bin 
aoujpi^  .noxioaa  aaTcevenBiJ  ni  qxilanoi^siai  amaa  sdJ  wode  (o) 

Y^’t'iocBm  adJ  itadi  vona 

:tA  .xaqB  ^ooi  ait^  io  a’q  001  nxfOiw  a:tfiX:ifT0xaiixb  aax/aaXX 
eIXao  io  ewoi  *xx;oi  io  8:>ax8fio*>  q/so  ioox  arf^  apBda  eiriit 
Bxm:^9biqa  e/U  ;  (fiGS  -pii)  xaqe  :>oo:t  ©rfs  io  iaatt  arf:t  pnibnuoxxi/a 
exnnsbobna  ad^  ;BXXao  oaB  Jxciie  oJnl  bedBXdnaxeiiib  ax 

o' 

6  86  aldBSxnpobsa  ai  «  (2GGX  ^niBdqo*!)  "alrmafKJbnaoxq**  xo 


42 


distinct  cylinder  completing  the  five  rows  of  cells  typical 
of  the  cortex;  and  intercellular  spaces  appear  between  cells 
of  the  inner  cortex.  Within  the  vascular  cylinder,  the 
pericycle  is  well  marked  off  as  a  single  row  of  cells  and 
the  position  of  the  diarch  xylem  plate  limited  on  either  side 
by  two  differentiated  protoxylem  cells  and  characterized  in 
the  centre  by  the  enlarging  and  vacuolating  metaxylem  cells 
is  fairly  well  defined. 

Immediately  above  this  level  (approximately  280  p's 
from  the  root  apex)  ,  (see  fig.  28)  ,  one  sieve  tube  at  one 
protophloem  pole  is  differentiated  already  while  a  second 
sieve  tube  is  beginning  to  differentiate  at  the  other  proto¬ 
phloem  pole  directly  opposite.  Figure  29  (b)  shows  the 
condition  of  the  growing  point  at  approximately  the  400  u 
level.  Here  an  immature  sieve  tube  is  indicated  at  one 
protophloem  pole  and  a  mature  one  at  the  opposite  pole.  The 
earlier  differentiation  and  maturation  of  a  sieve  tube  at  one 
pole  in  advance  of  the  other  is  invariably  the  case  in  white 
mustard  root  tips.  Further  changes  at  this  level  in  the 
root  include  a  slight  diminishing  in  thickness  of  the  root- 
cap  tissue  and  the  conspicuous  vacuolation  of  the  long  epider¬ 
mal  cells  (fig.  28)  .  In  contrast  to  the  early  vacuolation 
of  the  long  epidermal  cells,  vacuolation  of  the  short  epidermal 
cells  begins  approximately  900  ' s  from  the  root  apex  (fig. 

28)  . 

Subsequent  developmental  changes  at  a  still  higher  level, 
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FIGURE  28. 

Diagram  of  longitudinal  section  of  a  root  tip  of 
white  mustard  illustrating  certain  features  of  diff¬ 
erentiation  and  maturation.  Levels  indicated  for 
each  tissue  are  the  averages  of  measurements  made  on 
15-20  roots.  (diagram  after  Esau,  1941) 
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FIGURE  29. 

Diagrams  of  transverse  sections  of  the  same  root 
shown  in  Figure  28  illustrating  certain  features  of 
differentiation  and  maturation  at  three  different 
levels,  (a)  ,  (b)  ,  and  (c)  indicated  in  Figure  28. 
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some  2100  p's  from  the  root  apex,  involve  the  absence  of 
root-cap  tissue,  the  development  of  papillae  by  the  short 
cells  of  the  epidermis,  the  early  lignif ication  of  the  proto- 
xylem  cells  and  the  deposition  of  fatty  substances  on  the 
radial  and  transverse  walls  of  the  endodermal  cells  to  form 
the  Casparian  strip.  At  about  3000  p's  from  the  root  apex 
(fig.  28  and  29c)  ,  beyond  which  level  measurements  were 
discontinued,  all  primary  tissues  except  the  metaxylem  are 
mature . 

B.  Tissue  Differentiation  and  Maturation  in  Experimental 
Environments 

The  growth  rate  of  roots  under  a  specific  set  of 
experimental  conditions  is  rather  constant  (Appendix  I)  . 

Roots  grown  in  non-aerated  culture  solutions  invariably  have 
the  slowest  growth  rate  as  compared  to  those  in  either  the 
aerated  culture  solutions  or  the  moist-air  environment.  Roots 
grown  in  the  latter  environment  consistently  show  the  fastest 
growth  rate  in  24  hours. 

A  comparison  of  data  presented  in  Tables  I-VI  indicates 
the  general  trend  of  differentiation  and  maturation  of  tissues 
closest  to  the  root  apex  in  the  slowest-growing  roots  and 
furthest  from  the  apex  in  fast-growing  roots.  Although  the 
distance  from  the  apex  to  the  level  of  differentiation  of 
tissues  generally  does  vary  with  the  environment,  this 
variation  is  only  slight  in  most  cases.  Figure  30  shows 
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diagramatically  the  levels  of  differentiation  and  maturation 
of  primary  vascular  tissues  grown  in  non-aerated  water  culture 
(n)  ,  aerated  water  culture  (a)  ,  and  in  the  normal  moist-air 
environment  (m)  .  From  the  diagrams,  it  is  apparent  that 
differentiation  of  protoxylem  varies  only  slightly  from  root 
to  root.  Other  tissues  not  indicated  in  fig.  30  which  show 
this  same  slight  range  of  variation  with  environment  include 
the  differentiation  of  the  metaxylem  and  short  and  long  cells 
of  the  epidermis,  the  presence  of  the  pericycle  and  endoder- 
mis  as  complete  cylinders  of  cells,  and  the  appearnce  of  the 
first  intercellular  spaces  between  cells  of  the  inner  cortex. 
Figure  30  also  shows  the  consistency  of  differentiation  and 
maturation  of  sieve  tubes  of  the  protophloem  in  all  the  roots 
examined . 

In  a  similar  manner,  fig.  30  shows  the  different  levels 
at  which  lignif ication  and  maturation  of  protoxylem  cells 
takes  place.  Both  processes  occur  closer  to  the  root  apex 
in  roots  grown  in  the  non-aerated  culture  solutions  and 
furthest  from  the  apex  in  roots  grown  in  a  moist-air 
environment.  Although  not  represented  in  fig.  30,  the  first 
appearance  of  the  root-hair  papillae  is  also  influenced 
greatly  by  the  environment.  Roots  grown  in  non-aerated 
solutions  fail  to  develop  root  hairs.  Root-hair  papillae 
first  appear  approximately  1000  ^'s  closer  to  the  apex  in 
aerated  culture  solutions  as  compared  to  roots  grown  in  a 
moist-air  environment.  The  best  development  of  root  hairs 
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FIGURE  30. 

Diagrams  showing  the  levels  of  differentiation  and 
maturation  of  some  of  the  primary  vascular  tissues 
in  roots  grown  in  three  different  environments, 
namely;  (n)  non-aerated  water  culture  solutions, 

(a)  aerated  water  culture,  and  (m)  moist-air 
environment.  All  levels  are  the  averages  of  measure¬ 
ments  presented  in  table  form. 
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as  judged  by  the  number  and  area  of  root  covered  is  con¬ 
sistently  shown  by  roots  grown  in  moist  air.  Figure  30  shows 
that  the  root  cap  is  present  in  all  roots  regardless  of  the 
environment.  A  comparison  of  data  in  Tables  I  and  IV  does 
show  a  slight  reduction  in  amount  of  root-cap  tissue  of 
roots  grown  in  water  culture.  The  environment  is  also  shown 
to  influence  the  time  at  which  cell  vacuolation  begins  in 
the  epidermis  and  cortex.  The  level  at  which  the  cells 
begin  to  conspicuously  vacuolate  in  roots  grown  in  non- 
aerated  water  culture  solutions  is  always  closer  to  the  root 
apex  than  in  roots  grown  in  moist-air  or  aerated  water 
culture  environments. 

Roots  grown  in  a  moist-air  environment  over  a  range 
of  temperatures  (37°  F.  -  100°  F.) ,  were  examined  and  detail¬ 
ed  measurements  made  of  levels  of  tissue  differentiation  and 
maturation  of  roots  grown  at  the  extreme  temperatures.  The 
levels /  including  those  for  the  lignif ication  and  maturation 
of  protoxylem  cells,  are  very  similar  to  the  values  recorded 
for  the  roots  grown  in  the  moist-air  environment  at  room 
temperature  and  therefore  are  not  presented  in  table  form. 

All  roots  grown  in  a  moist-air  environment  within  this 
temperature  range  have  well-developed  root  caps  and  an 
abundance  of  root  hairs.  No  marked  difference  in  intercell¬ 
ular  space  size  or  shape  is  noticeable  in  any  of  these  roots. 

The  sequence  of  tissue  differentiation  and  maturation 
for  roots  grown  in  water  culture  solutions  and  in  moist  air 
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within  the  temperature  range  indicated  is  remarkably  similar 
to  that  shown  in  figs.  28  and  29  (a)  ,  (b)  ,  and  (c)  . 

C.  Intercellular  Spaces  and  their  Content 

1.  Space  size 

Three  permanent  slides  of  serial  transverse  sections 
of  control  roots  grown  at  atmospheric  pressure  and  roots  grown 
under  reduced  pressure  were  randomly  selected  for  intercell¬ 
ular  space  measurements.  At  intervals  of  120  ^'s  beginning 
at  the  root  apex  and  continuing  basally  for  a  distance  of 
840  p's,  the  widest  diameter  of  each  intercellular  space 
between  the  fourth  and  fifth  (outermost)  row  of  cortical 
cells  was  determined  using  an  oil  immersion  lens  (lOOX  ocular) 
and  a  calibrated  eyepiece  micrometer.  The  range  and  mean 
values  are  recorded  in  Table  VII.  The  difference  in  inter¬ 
cellular  space  size  at  comparable  levels  in  the  two  categor¬ 
ies  of  roots  is  not  striking.  To  a  distance  of  480  p's  from 
the  root  apex,  the  difference  in  average  size  is  never  greater 
than  1.0  p.  From  480-840  p's  from  the  root  apex,  differences 
in  mean  values  range  from  1.0-2. 5  p's.  Examination  of  all 
slides  prepared  for  this  study  reveals  no  noticeable  differ¬ 
ence  in  shape  of  the  intercellular  spaces  of  roots  grown  under 
reduced  pressure  as  compared  to  the  controls. 

2.  Intercellular  space  content 

For  all  experiments  and  observations  to  be  described, 
sections  were  cut  free  hand  with  a  sharp  razor  blade  from 
living  root  tips. 
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TABLE  VII 

A  comparison  of  intercellular  space  size  in  roots  grown  under 
atmospheric  and  reduced  pressure.  Range  and  mean  values  (in 
microns)  based  on  60  individual  measurements. 


Distance  From  Apex  Atmosperic  Pressure  Reduced  Pressure 

Range  Mean  Range  Mean 
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When  thin  cross  sections  of  living  stem  and  root  tips 
are  viewed  in  water  under  the  microscope/  the  small  inter¬ 
cellular  spaces  frequently  appear  black.  If  commented  on 
at  all/  this  discoloration  has  been  attributed  to  air 
trapped  in  the  spaces.  However/  evidence  is  accumulating 
that  suggests  that  at  an  early  stage  of  development/  inter¬ 
cellular  spaces  contain  something  more  than/  or/  besides  air. 
Most  recently/  Sorokin  (1958) /  considers  the  intercellular 
spaces  in  young  pea  stems  to  contain  a  solid  and  refers  to 
it  as  the  "intercellular  substance"  or  "intercellular 
tubular  material". 

Because  of  the  controversy  associated  with  the  ident¬ 
ification  of  this  substance  (Sorokin/  personal  communication) / 
preliminary  experiments  were  designed  to  determine  whether 
the  intercellular  spaces  of  white  mustard  root  tips  contain 
something  besides  a  gas/  and  if  so  to  try  and  establish  its 
chemical  and  physical  nature. 

i)  Distribution 

Transverse  and  longitudinal  sections  were  cut  and 
examined  under  ordinary  light  conditions  with  a  Zeiss  photo¬ 
microscope.  The  photomicrographs  (figs.  32/  33  and  34) 

compare  almost  exactly  with  those  obtained  by  Sorokin  (1958) 
in  her  study  of  the  intercellular  spaces  of  pea  stems. 

Within  approximately  1500  ;a's  of  the  root  apex/  nearly  every 
cortical  intercellular  space  as  well  as  nearly  every  small 
triangular  space  bordering  on  the  short  epidermal  cells  is 
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PLATE  VI. 

(All  photomicrographs  are  of  living  white  mustard 

root  tips  which  were  cut  free  hand  with  a  sharp 

razor  blade.) 

Figure  32.  (X2500)  Transverse  section  approximately 

1.0  mm.  from  the  apex.  All  intercellular 
spaces  appear  dark. 

Figure  33.  (X2500)  Section  at  a  slightly  higher  level 

showing  some  empty  intercellular  spaces  in  the 
middle  cortical  tissue. 

Figure  34.  (X2800)  Cortical  tissue  just  before  the 

region  of  root  hairs  showing  some  empty  inter¬ 
cellular  spaces. 

Figure  35.  (X2000)  Section  at  approximately  the  same 

level  as  that  shown  in  Figure  34  showing  the 
dark-appearing  material  "hanging  on"  in  the 
spaces  towards  the  epidermis. 

Figure  36.  (X2500)  A  section  at  the  same  level  as  in 

Figure  35  showing  remnants  of  the  dark  material 
in  the  inner  cortical  spaces. 

Figure  37.  (X1800)  Transverse  section  in  the  region 

of  root  hairs  showing  all  the  intercellular 
spaces  of  the  cortex  devoid  of  the  dark-appearing 


material . 
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filled  with  this  material  (see  fig.  32) .  This  is  the  case 
whether  transverse  sections  are  mounted  in  distilled  water/ 
glycerin/  or  a  variety  of  other  media.  Further  from  the 
root  apex/  the  material  disappears  from  the  inner  cortical 
spaces  (figs  33  and  34) /  but  is  persistent  in  the  spaces 
bordering  the  vascular  cylinder  (fig.  36) /  and  part icular ily 
in  the  small  triangular  spaces  bordering  the  epidermis  (fig. 

35) .  However/  by  the  time  the  region  of  root-hair  development 
is  reached/  it  has  disappeared  from  all  the  intercellular 
spaces  except  a  few  in  the  outer  cortex  (fig.  37).  This 
characteristic  distribution  pattern  is  found  in  all  roots 
examined . 

ii)  Preliminary  experiments  to  determine  the  physical 

nature  of  the  material 

The  next  series  of  experiments  are  designed  to  produce 
changes  in  the  intercellular  material  by  lowering  the  atmos¬ 
pheric  pressure.  They  were  undertaken  on  the  assumption  that 
if  the  blacking  is  due  to  air  trapped  in  the  intercellular 
spaces  then  a  visible  change  should  occur  in  these  small 
cavities  after  subjecting  the  root  section  to  reduced  pressure. 
The  general  procedure  is  as  follows:  following  microscopic 
examination  of  the  intercellular  spaces/  thin  free-hand  trans¬ 
verse  sections  are  mounted  either  on  moist  filter  paper  or  on 
a  dry  microscope  slide  and  placed  inside  a  vacuum  dessicator 
which  is  attached  through  a  manometer  to  a  vacuum  pump.  The 
pressure  is  reduced  to  5-10  mm.  of  mercury  for  10-15  minutes 
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and  then  suddenly  released.  Figures  38  and  39  show  the 
appearance  of  a  typical  cross  section  before  and  after 
treatment.  Although  slightly  shrivelled/  the  intercellular 
material  appears  much  the  same  after  treatment  (fig.  39) /  as 
it  did  before  (fig.  38) .  In  the  case  of  transverse  sections 
placed  on  dry  microscope  slides/  the  cortical  cells  appear 
dessicated  but  on  addition  of  a  few  drops  of  water  they  re¬ 
gain  some  of  their  turgidity  allowing  photographs  to  be  taken 
(see  fig.  39) .  Only  those  intercellular  spaces  which  appear 
to  contain  something  in  them  prior  to  treatment  show  any 
signs  of  contents  upon  re-examination.  Likewise/  all  the 
intercellular  spaces  that  are  empty  before  treatment  (fig.  38) / 
are  still  empty  after  treatment  (fig.  39) .  These  observations 
are  typical  of  the  results  consistently  obtained/  and  strongly 
suggest  that  the  intercellular  spaces  contain  some  other 
substance  besides  a  gas. 

The  next  series  of  experiments  are  designed  to  test  the 
effects  of  temperature  on  the  intercellular  material.  The 
simplest  method  is  to  allow  the  sections  to  dry  on  the  micro¬ 
scope  stage  following  initial  examination  of  the  intercellular 
spaces.  The  cells  become  dessicated  and  the  section  contracts. 
Small  shrivelled  remnants  of  the  material  can  be  seen  before 
and  after  water  is  added  to  the  section.  Sections  dried  on 
a  warming  plate  for  periods  ranging  from  one-half  to  one 
hour  show  the  same  results  (fig.  40) . 

Transverse  sections  placed  in  distilled  water  on  a 
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PLATE  VII. 

(All  photomicrographs  are  of  living  white  mustard 

root  tips  which  were  cut  free  hand  with  a  sharp 

razor  blade.) 

Figure  38.  (X2000)  Transverse  section  of  white 

mustard  root  tip  before  being  placed  in 
vacuum  dessicator. 

Figure  39.  (X2000)  Same  section  as  shown  in  figure 

38  after  being  placed  in  vacuum  dessicator. 

Water  was  added  in  order  to  photograph  the 
section.  The  intercellular  material  is  still 
present. 

Figure  40.  (X2200)  Appearance  of  the  intercellular 

material  and  cells  of  the  cortex  after  being 
heated  on  a  warming  plate.  Water  was  again 
added  to  prepare  the  section  for  photography. 

The  material  was  obvious  before  and  after 
adding  the  water. 

Figure  41.  (X2500)  Appearance  of  intercellular  material 

in  sections  that  had  been  brought  to  boiling 
point  three  times  on  a  microscope  slide.  Only 
a  slight  swelling  was  noticed  in  the  material. 

Figure  42.  (X2400)  Section  of  the  root  tip  showing  the 

complexity  of  the  surface  of  the  material.  Note 
particularily  the  space  in  the  upper  left  corner. 

Figure  43.  (X1800)  The  complex  hexagonal  structure  with 

scalloped  edges  was  found  only  in  this  particular 
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microscope  slide  and  brought  to  boiling  point  three  or  more 
times  before  examining  under  the  microscope/  show  only  a 
slight  swelling  of  the  material  upon  immediate  examination. 

By  the  time  the  photographs  are  taken/  little  or  no  swelling 
is  apparent.  Figure  41  shows  the  partially  destroyed  cells 
and  the  appearance  of  the  intercellular  material  after  this 
treatment . 

Further  evidence  that  the  intercellular  spaces  contain 
something  more  than  a  gas  is  obtained  by  microscopic  exam¬ 
ination  of  a  number  of  transverse  sections.  One  section 
(fig.  43) /  shows  a  complex  hexagonal  structure  with  a  scalloped 
outer  layer  and  a  lighter  interior.  Whether  the  shape  of 
this  structure  is  due  to  the  way  the  section  is  cut  or  whether 
it  reflects  the  complexity  of  the  intercellular  material  is 
impossible  to  determine.  Further  evidence  of  a  complex  surface 
unlike  that  of  a  gas-water  interphase  is  shown  by  figure  42. 

iii)  Solubility  and  other  properties  of  intercellular 
material 

The  effects  of  various  chemical  reagents  were  tested 
by  perfusing  fresh  sections  gradually  with  the  reagent  direct¬ 
ly  under  the  microscope  and  drawing  it  off  by  filter  paper. 

The  contents  of  the  spaces  is  readily  soluble  in  absolute  and 
95%  ethanol/  chloroform/  acetone/  xylol/  ethyl  ether/  absolute 
methanol/  and  absolute  tertiary  butyl  alcohol.  The  most 
interesting  results  are  given  by  95%  ethanol  in  that  some  of 
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the  tissue  sections  show  an  evolution  of  small  bubbles  from 
the  intercellular  contents.  Sorokin  (1958)/  also  made  this 
same  observation.  Shortly  after  this,  the  contents  of  the 
spaces  dissolve  completely. 

Transverse  sections  mounted  directly  into  a  number  of 
acids  also  give  some  interesting  results.  Glacial  acetic 
acid  causes  a  fast  dissolution  of  all  intercellular  space 
contents.  Sulphuric  acid  (67-72%)  causes  a  change  in  vis¬ 
cosity  of  the  intercellular  material.  It  becomes  semi¬ 
fluid/  assumes  peculiar  shiny  structures/  some  of  which  are 
shown  in  fig.  44,  and  then  finally  rounds-up  into  spherical 
bubbles  which  are  not  soluble  in  95%  ethanol  or  xylol.  These 
results  are  identical  to  those  recorded  by  Sorokin  (1958) . 

The  reaction  of  the  intercellular  space  contents  to 
a  number  of  alkalis  is  nearly  identical  in  all  cases.  In 
some  sections  the  inner  part  of  the  material  becomes  dissolved 
leaving  the  outer  part  intact/  when  4%  NaOH/  3.5%  NH4OH/  or 
10  M.  KOH  is  added.  In  other  sections/  the  material  is  not 
affected. 

iv)  Staining  reactions  of  intercellular  space  contents 

The  presence  of  lipids  is  demonstrated  using  a  number 
of  lipid-specific  stains.  Reactions  and  references  for  the 
stains  are  given  in  Table  VIII.  A  saturated  solution  of 
Sudan  IV  dissolved  in  propylene  glycol  imparts  a  slight  red 
color  to  much  of  the  intercellular  material.  Swelling  of 
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TABLE  VIII 


Reaction  of  intercellular  material  to  various  stains  and 
histological  tests. 


Substrate 

Reagent 

React  ion 

Reference 

Lipid 

Sudan  IV 

+ 

Sorokin  (1958) 

Nile  Blue 

++ 

Jensen  (1961) 

Polychrome 

Methylene  Blue 

+ 

Van  Fleet  (1950) 

Ruthenium  Red 

+ 

Sorokin  (1958) 

Protein 

Mercuric  Bromphenol 
Blue 

Mazia  et  al.  (1953) 

Picric  Acid 

— 

Johansen  (1940) 

Aqueous  Eosin 

— 

Johansen  (1940) 

Biuret  Test 

- 

West  and  Todd  (1962) 

Callose 

Aniline  Blue 

— 

Currier  (1957) 

Carbohydrate 

Fehlings 

7 

Sass  (1940) 

Benedict  s 

7 

Sass  (1940) 

Tollens 

++ 

Cormack  (1948) 

Key: 

negative  reaction 
+  very  slight  positive  reaction 
++  positive  reaction 
?  color  change  but  difficult  to  assess 
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the  material  due  to  the  action  of  the  propylene  glycol  was 

noticed  in  every  section  (see  fig.  47)  .  The  cross  striations 

marked  in  fig.  47  are  similar  in  appearance  to  those  shown 

by  Sorokin  (1958)  ,  when  sections  of  pea  stem  were  mounted 

in  this  reagent.  The  most  striking  lipid  staining  reaction 

is  shown  with  Nile  Blue.  A  1%  aqueous  solution  of  this  dye 
o 

at  37  C.  and  then  cleared  with  1%  acetic  acid,  stains  the 
intercellular  material  a  brilliant  red.  Figures  45  and  46 
show  the  appearance  of  the  material  in  longitudinal  view 
after  being  stained  with  Nile  Blue.  Jensen  (1962) ,  claims 
that  Nile  Blue  imparts  a  red  color  to  fats,  oils  and 
waxes  and  a  blue  color  to  free  fatty  acids  and  phospholipids. 

The  red  staining  reaction  of  the  intercellular  material  in 

the  fresh  sections  suggests  that  the  constituent  lipids 

are  not  free  fatty  acids  or  phospholipids.  Polychrome 

Methylene  Blue  (0.25  g.  dye,  4.0  g.  lithium  carbonate  in 

300  ml.  water  heated  to  90°  C.  for  10  minutes,  and  5  ml.  glacial 

acetic  acid)  added  to  fresh  longitudinal  sections  stains 

the  material  a  slight  pink-purple  color.  Van  Fleet  (1950)  , 

states  that  a  red-lavender  color  is  indicative  of  neutral 

fats  while  a  blue  color  indicates  free  fatty  acids. 

When  sections  are  perfused  with  a  0.01%  aqueous 
solution  of  Ruthenium  Red,  a  very  slight  red  color  is  pro¬ 
duced  in  some  of  the  intercellular  material.  Although  this 
dye  generally  stains  pectic  material,  it  is  not  specific,  as 
nuclei,  some  lipids  and  polysaccharides  may  give  the  same 
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PLATE  VIII. 

(All  photomicrographs  are  of  living  white  mustard 
root  tips  which  were  cut  free  hand  with  a  sharp 
razor  blade.) 

Figure  44.  (X600)  Typical  reaction  of  the  intercell¬ 

ular  material  to  H2SO4.  Odd-shaped  structures 
form  which  finally  round-up  into  spherical 
bubbles.  The  disintegrating  cells  can  be  seen 
in  the  background. 

Figure  45.  (X500)  A  free-hand  longitudinal  section 

of  the  root  tip  showing  a  tubular  structure 
which  stains  positively  with  Nile  Blue. 

Figure  46.  (X830)  An  enlarged  view  of  Figure  45. 

The  tube  to  the  right  shows  longitudinal 
striations  running  the  length  of  the  tube. 

Figure  47.  (X2050)  Typical  reaction  of  the  material 

to  propylene  glycol.  The  material  swells,  and 
in  longitudinal  view,  cross  striations  (indicated 
by  the  arrow)  become  evident. 

Figure  48.  (X950)  Cortical  spaces  near  the  meristem  in 

the  primary  root  of  Zea  mays .  Black  particles 
lining  the  spaces  become  evident  shortly  after 
Tollen's  reagent  has  been  added. 

Figure  49.  (X2500)  A  section  of  the  same  root  shown 

in  Figure  48  showing  two  enlarged  intercellular 
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reaction  (Sorokin,  1958) . 

The  possibility  that  the  enclosing  membrane  of  the 
intercellular  material  is  of  a  lipoprotein  nature  was  invest¬ 
igated  using  a  number  of  protein-specific  stains.  Prepara- 
tions  immersed  for  15  minutes  in  a  0,10%  agueous  Mercuric 
Bromphenol  Blue  solution  (a  general  protein  stain)  and  then 
washed  for  3  minutes  in  distilled  water,  show  the  original 
dark  color  in  the  intercellular  spaces.  To  test  the 
specificity  of  the  dye  for  protein,  drops  of  the  dye  were 
added  to  gelatin  in  a  spot  plate.  An  immediate  brilliant 
blue  was  produced  in  the  gelatin.  Further  test  for  protein 
included  the  Biuret  test,  and  staining  with  a  0.001%  aqueous 
solution  of  Eosin  and  with  a  saturated  aqueous  solution  of 
picric  acid.  All  the  tests  were  negative  (see  Table  VIII) . 

A  demonstration  of  the  presence  of  sugars  was  attempt¬ 
ed  in  a  number  of  ways.  Cross  sections  of  the  root  were 
placed  directly  into  either  Fehling's  or  Benedicts'  reagent 
on  a  slide  and  brought  to  boiling  point  three  or  more  times 
with  the  addition  of  more  reagent  when  necessary.  Immediate 
microscopic  examination  showed  a  yellow  color  in  the  partially 
disintegrating  cortical  tissue  and  the  original  dark  color 
in  the  intercellular  spaces.  With  an  increase  in  light 
intensity  and  by  focusing  up  and  down,  a  slight  orange-brown 
color  was  apparent  in  the  intercellular  material.  A  second 
method  consisted  of  placing  three  drops  of  the  test  reagent 
at  separate  locations  on  a  microscope  slide,  allowing  it  to 
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dry  slightly/  and  adding  a  fresh  transverse  section  of  the 
root  to  each  of  the  partially-dried  drops.  The  controls 
were  identical  but  a  drop  of  a  1%  solution  of  glucose 
^^pl^ced  the  root  sections.  All  the  slides  were  warmed 
slightly  and  then  set  aside  at  room  temperature  for  periods 
ranging  from  24  hours  to  several  days.  The  drops  on  the 
control  slides  became  orange-brown  within  approximately  48 
hours.  To  examine  the  test  slides/  they  were  inverted  on 
the  microscope  stage  and  viewed  through  the  bottom  of  the 
slide.  All  the  sections  were  dessicated  and  yellow  in  color. 
Dark  areas  corresponding  with  the  former  location  of  the 
intercellular  spaces  could  be  noticed  in  most  sections.  With 
high  light  intensity/  a  slight  orange-brown  color  was  evident 
in  some  of  the  intercellular  spaces. 

A  microchemical  technique  designed  to  detect  the 
presence  of  a  reducing  substance  in  the  spaces  of  white 
mustard  roots  (Cormack/  1948) /  was  modified  and  used  in  the 
present  study.  Tollen's  reagent  prepared  by  adding  concen¬ 
trated  ammonium  hydroxide  to  a  3%  solution  of  silver  nitrate 
until  the  precipitate  that  formed  just  redissolved/  was  used 
but  instead  of  allowing  intact  roots  to  react  for  approximately 
18  hours /  fresh  transverse  sections  were  mounted  on  a  micro¬ 
scope  slide  and  the  test  reagent  quickly  drawn  under  the 
cover  glass  during  continuous  microscopic  examination.  The 
intercellular  spaces  containing  the  dark  intercellular  material 
become  blacker  than  usual  but  no  other  effect  on  the  material 
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is  noticed.  Some  spaces  near  the  apex  that  are  apparently 
devoid  of  contents  now  have  dark-staining  spherical  bodies 
adhering  to  the  walls  forming  the  spaces.  Sections  of  Zea 
mays  treated  in  the  same  way  give  similar  results.  Figures 
48  and  49  are  typical  of  results  obtained  with  both  corn  and 
white  mustard  roots.  There  is  little  doubt  of  the  authen¬ 
ticity  of  these  results  as  they  are  easily  reproduceable . 

The  possibility  that  substances  escape  into  the  spaces  as 
the  cells  are  cut  is  unlikely  since  some  of  the  spaces  in 
the  same  region  fail  to  show  a  reaction  and  spaces  in  the 
mature  regions  of  the  root  remain  clear. 

The  widespread  occurrence  of  callose  throughout  the 
plant  and  its  possible  function  as  an  intermediate  in  the 
degradation  and  synthesis  of  cellulose  (Currier/  1957) / 
suggested  the  possibility  of  it  being  a  constituent  of  the 
intercellular  material.  A  0.005%  aqueous  solution  of 
Aniline  Blue  was  added  to  sections  during  continuous  micro¬ 
scopic  examination.  In  all  sections/  the  intercellular 
material  remained  black, 

v)  Effects  of  lipase 

The  effects  of  lipase  on  the  intercellular  material 
were  tested  by  adding  fresh  transverse  sections  of  the  root 
tip  to  a  solution  of  the  enzyme  either  on  a  spot  plate  or 
on  a  depression  slide.  A  1%  solution  of  the  enzyme  was 
prepared  by  adding  either  Lipase  448  (Nutritional  Biochemicals 
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Corporation/  Cleveland)  or  Lipase  (Steapsin)  to  a  phosphate 
buffer  containing  a  few  drops  of  0.05%  CaCl2.  Solutions  with 
pH's  ranging  from  7.0  -  8.6  were  prepared.  Sections  were 
either  observed  continuously  under  the  microscope  or  were 
incubated  in  covered  spot  plates  at  37°  C.  for  periods  up  to 
24  hours  before  examination.  The  enzymes  used  for  the  tests 
were  shown  to  be  active  by  their  rapid  breakdown  of  olive  oil 
to  fatty  acidS/  as  indicated  by  the  contrast  in  color  reaction 
with  Nile  Blue  in  control  samples  as  compared  to  those  with 
the  added  enzyme.  The  lipase-treated  olive  oil  stained  a 
deep  blue  as  compared  to  a  light  red  in  the  controls.  In  no 
case  was  there  a  noticeable  change  in  the  appearance  of  the 
intercellular  material  when  fresh  sections  were  treated  with 
lipase.  The  failure  to  produce  a  change  in  the  material 
with  this  enzyme  may  be  due  to  the  small  amount  of  lipid 
present  or  to  the  inhibition  of  lipase  by  substances  escaping 
from  the  cut  cells. 
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DISCUSSION 

A.  Tissue  Differentiation  and  Maturation  under  Normal  Conditions 

Although  no  systematic  attempt  had  previousely  been 
made  to  study  the  complete  development  of  all  primary  root 
tissues  in  white  mustard,  various  recent  workers  have  followed 
the  development  of  one  or  two  specific  tissues. 

The  results  of  the  present  investigation  clearly 
support  the  conclusions  of  Goodwin  and  Stepka  (1945) ,  and 
Popham  (1955),  that  the  demarcation  of  the  root  tip  into  four 
definite  zones,  each  associated  with  a  single  developmental 
process  does  not  accurately  describe  the  true  pattern  of 
development  in  growing  root  tips. 

The  inferences  which  can  be  made  from  the  present 
series  of  observations  are  as  follows.  First,  each  tissue 
differentiates  and  matures  at  its  own  rate  and  not  within 
a  particular  region  common  to  all  tissues  of  the  root.  At 
one  specific  level,  one  kind  of  tissue  may  be  almost  mature, 
another  still  differentiating,  and  another  tissue  undergoing 
cell  division.  For  example,  at  approximately  500  p's  from 
the  root  apex,  a  sieve  tube  is  mature  at  both  protophloem 
poles  while  the  cells  of  the  protoxylem  have  differentiated 
but  are  not  mature,  and  cells  near  the  periphery  of  the 
vascular  cylinder  are  still  dividing.  Second,  the  level  of 
differentiation  of  certain  tissues  is  strikingly  constant 
from  root  to  root  while  that  of  other  tissues  varies  consider- 
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ably.  For  example,  the  level  of  first  appearance  of  short 
and  long  cells  of  the  epidermis,  and  the  differentiation  of 
the  pericycle,  endodermis,  protoxylem,  and  metaxylem  is  very 
consistent.  Similarly,  the  level  at  which  one,  and  then 
two  sieve  tubes  of  the  protophloem  differentiate  and  then 
mature  varies  within  a  narrow  range.  On  the  other  hand,  the 
appearance  of  root-hair  papillae,  the  extent  of  the  root  cap 
basally  from  the  cap  initials,  and  the  vacuolation  of  epidermal 
and  cortical  cells,  all  show  a  slightly  wider  range  of 
variation.  The  variation  of  the  vacuolation  measurements  is 
easily  understood  since  the  criterion  used  is  necessarily 
subjective.  Cormack  (1949) ,  and  others  have  indicated  that 
environment  plays  an  extremely  important  role  in  root-hair 
formation  and  therefore  the  variation  in  the  appearance  of 
the  first  papillae  is  to  be  expected.  More  variable  still 
are  the  ranges  for  lignif icat ion  and  subsequent  maturation  of 
the  protoxylem.  From  the  data  of  other  investigations  (^.2* 
Heimsch,  1951;  Popham,  1955),  this  seems  to  be  a  feature 
common  to  other  roots. 

Third,  the  sequence  of  events  of  differentiation  and 
maturation  of  primary  tissues  in  the  root  tip  of  white 
mustard  as  shown  in  fig.  28,  agrees  with  that  reported  for 
a  few  other  dicotyledonous  roots  (Esau,  1938;  Popham,  1955). 
Future  detailed  examinations  of  other  plant  species  should 
assist  in  the  formulation  of  a  general  picture  of  differen¬ 
tiation  and  maturation  in  root  tips,  which  would  be  suitable 
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for  presentation  to  students  in  elementary  botany  courses. 

B.  Tissue  Differentiation  and  Maturation  in  Experimental 
Environments 

Although  an  inhibition  in  growth  rate  of  the  primary 
root  generally  results  in  an  acceleration  in  differentiation 
and  maturation  of  tissues  (Bryant,  1934;  Esau,  1943b,  1954; 
Heimsch,  1951;  Popham,  1955;  Torrey,  1953;  Wilcox,  1962), 
this  generalization  is  not  without  exception.  Data  obtained 
in  the  present  study  confirm  the  generalization,  but  the 
levels  are  not  always  nearer  the  apex  in  slow-growing  roots 
or  furthest  from  the  apex  in  the  fastest  growing  roots. 
Furthermore,  the  values  obtained  for  levels  of  differentiation 
of  most  of  the  tissues  in  the  experimental  environments  are 
only  slightly  different.  With  the  exception  of  the  lignifi- 
cation  and  maturation  of  the  protoxylem  and  the  appearance 
of  root-hair  papillae,  marked  differences  in  differentiation 
and  maturation  rates  with  altered  environmental  conditions 
do  not  occur.  Growth  of  roots  in  a  moist-air  environment 
at  varying  temperatures  results  in  the  least  modification 
in  rates  of  differentiation  and  maturation  as  compared  to 
those  grown  under  normal  conditions. 

Popham  (1955) ,  suggests  that  levels  of  differentiation 
and  maturation  in  Pi sum  sat ivum  primary  roots  are  not  deter¬ 
mined  by  environmental  conditions,  root  length,  or  root  age, 
but  are  strongly  controlled  by  genes.  The  apparent  environ- 
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mental  control  of  root-hair  development  is  cited  as  an 
exception  to  this  genic  control  concept.  Results  of  the 
present  study  suggest  a  strong  genetic  control  of  differ¬ 
entiation  of  tissues  in  the  primary  root  of  white  mustard, 

A  possible  explanation  for  the  early  formation  of 
lignified  secondary  walls  in  the  protoxylem  cells  in  slow- 
growing  roots  as  compared  to  fast-growing  roots  is  offered 
by  Bryant  (1934) .  The  concentration  of  reducing  and  total 
sugars  of  barley  roots  grown  in  aerated  culture  is  less  than 
in  those  grown  in  non-aerated  cultures,  (Similar  results 
were  obtained  by  van  der  Heide  et  a]^.  (1964)  )  ,  The  greater 

amount  of  oxygen  available  to  the  roots,  with  its  acceler¬ 
ating  effect  on  the  respiratory  rate,  decreases  the  sugar 
content  to  a  point  where  it  becomes  the  limiting  factor  in 
cell  wall  thickening.  Recent  work,  (Wetmore  and  Rier,  1963) , 
has  shown  that  vascular  tissue  formation  in  callus  tissue 
can  be  induced  by  a  critical  balance  between  auxin  and  sugar 
concentration.  It  is  probable  that  future  experimentation 
will  show  that  the  level  of  xylem  lignif icat ion  can  be 
varied  according  to  the  sugar  and  auxin  content  of  the 
t issues . 

In  conclusion,  it  seems  reasonable  to  propose  that  the 
levels  of  differentiation  of  primary  tissues  in  white  mustard 
root  tips  are  affected  only  slightly  by  the  experimental 
environments  used  in  the  present  study,  while  levels  of  proto¬ 
xylem  lignif icat ion  and  maturation  and  the  development  of  root 
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hairs  are  more  directly  modified. 

C.  Intercellular  Spaces  and  their  Content 

The  many  observations  of  fresh  sections  of  white 
mustard  root  tips  made  in  the  present  study  lead  to  the  con¬ 
clusion  that  intercellular  spaces  close  to  the  apex  contain 
a  substance  which  is  not  entirely  a  gas. 

The  similarity  in  size  and  shape  of  intercellular 
spaces  in  roots  grown  under  reduced  pressure  and  those  grown 
under  atmospheric  pressure/  might  be  explained  by  the  presence 
of  such  a  material/  but  the  possibility  that  the  gas  occupy¬ 
ing  the  small  spaces  may  not  be  of  sufficient  volume  to 
expand  appreciably  can  not  be  overlooked. 

The  characteristic  distribution  pattern  of  the  material 
in  the  root  suggests  that  it  is  being  actively  removed  from 
the  spaces  in  some  way.  Sorokin  (personal  communication) 
states/  "...  you  can  find  it  in  any  part  of  the  plant  where 
cells  are  enlarging  and  elongating.  Therefore  it  is  my 
strong  conviction  that  this  material  represents  a  substance 
which  contributes  in  one  way  or  another  to  the  formation  of 
the  cell  wall."  Although  the  present  study  adds  little  to 
our  knowledge  of  the  function  of  the  intercellular  material/ 
further  evidence  is  added  as  to  the  existence  of  such  a 
substance/  and  results  obtained  by  treating  fresh  sections 
with  various  chemicals  and  biological  stains  indicate  some 
of  its  physical  and  chemical  properties.  The  invariable 
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dissolution  of  the  substance  in  lipid  solvents  and  the 
positive  reaction  for  lipids  with  some  stains  indicates  that 
lipids  are  probably  constituents  of  this  material.  The 
dissolution  of  the  material  in  the  organic  solvents  is  indis¬ 
putable,  but  the  staining  reactions  are  far  from  conclusive. 

An  obvious  difficulty  is  the  choice  of  stains  or  histological 
tests  that  are  specific  and  yet  are  either  soluble  in  a 
solvent  that  does  not  affect  the  material,  or  require  mild 
conditions  so  that  cell  detail  in  the  fresh  sections  is  not 
lost.  Because  of  this,  many  common  or  well-known  specific 
tests  could  not  be  used.  A  method  to  overcome  this  difficulty 
was  tried  without  success.  Fresh  transverse  sections  were 
added  to  a  small  amount  of  petroleum  ether  on  a  microscope 
slide,  allowed  to  sit  for  a  few  seconds,  and  then  removed. 

The  petroleum  ether  was  collected  with  a  fine  pipette  and 
kept  in  micro  test  tubes.  A  number  of  test  tubes  were 
filled  in  the  same  manner  in  preparation  for  testing  with 
various  stains  and  chemical  reactions.  None  of  the  tests 
showed  positive  results  probably  due  to  the  small  amount 
of  material  that  could  be  collected  in  this  way. 

The  possibility  of  using  gas  chromatography  to  identify 
the  chemical  nature  of  the  material  was  discussed  but  after 
the  difficulty  experienced  in  extracting  this  material  and 
the  possibility  that  substances  occurring  in  the  chromatogram 
could  also  come  from  the  cells  injured  during  cutting,  the 
idea  was  not  followed  through. 
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That  the  existence  of  such  an  intercellular  material 
has  been  overlooked  for  decades  is  understandable/  since  the 
material  undergoes  rapid  dissolution  in  reagents  commonly 
used  in  fixing  and  dehydrating  plant  tissue  for  subsequent 
embedding  in  paraffin. 

One  of  the  most  interesting  observations  in  the  study 
of  intercellular  spaces  is  the  effect  of  Tollen's  reagent 
on  fresh  tissue  sections  of  the  primary  root  of  white 
mustard  and  Zea  mays .  This  reagent  can  be  reduced  by  a 
number  of  organic  substances  that  are  easily  oxidized.  The 
reaction  observed  in  the  present  study  was  identical  to  that 
observed  when  intact  primary  roots  of  white  mustard  were 
treated  for  a  number  of  hours  in  the  same  reagent  (Cormack/ 
1948) .  Black  spherical  bodies  lining  the  intercellular 
spaces  were  observed  in  both  cases.  In  the  present  study/ 
this  reaction  is  shown  only  by  the  spaces  close  to  the 
meristem  that  lack  the  dark  intercellular  material.  Since 
Cormack  and  Lemay  (1963) /  have  shown  that  sugars  can  be 
translocated  from  the  cotyledons  through  the  intercellular 
space  system  of  the  roots,  and  since  certain  sugars  containing 
a  free  aldehyde  or  ketone  group  will  reduce  Tollen's  reagent, 
it  seems  likely  that  the  reaction  is  due  to  reducing  sugars. 

The  major  conclusion  reached  from  the  present  study 
of  intercellular  spaces  and  their  content  is  that  a  substance 
other  than  a  gas  is  present  in  some  of  the  spaces  in  the 
primary  root  of  white  mustard.  There  is  some  evidence  that 
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o?  IfiDidiisM  8SW  ybi/3a  :2ria«S‘3:q  orf^  ni  bevtoado  noXdoas-x 

biaJ-aiim  adirfw  2:o  a:too'3f  y'laioi'xq  :ko6:fnx  aeiiw  bevneado 

£ 

»XoanrtoI3)  ^napBd'x  amaa  sdi  ni  aioorf  5o  ‘zadaua  a  io5  backaai:* 
:taluXX3Dis:fni  add  pninxX  aaibod  XfiO£*i9ffqe  :(ofiXa  ,  (B^eX 
»yb:/d8  dnoaaiq  arfd  al  .aaefio  rfdod  ni  bavTsado  eiaw  adosqa 
arfx  od  BBolo  aaoaqa  add  yd  yXixo  nworia  ai  noidoae’s  airfd 
aooia  .Xfiliadatn  'taXi/XIaododni  diab  arid  jCoaX  dcrfd  rasdaiiom 
ad  nao  d&di  nwoda  avaci  i(Cd9X}  yamoJ  bna  XDSoi:toO 

TaliiXXao^adai  add  dpi/oxrfd  anobaXydoo  arfj  moi^  badBooXana^id 
pninisJnoo  Bdspua  nisd^ao  aonia  bns  todooi  arid  !l:o  oxodaya  ooaqe 
»dnapfi9T  a’fXoXXoT  aoubai  XXiw  quoip  anoda^  10  ebydabXe  o©d^  s 
.atfipoa  prtioube'i  od  9ub  ai  noidoesi  add  darfd  yXa^tiX  ainasa  di 
ybuda  dnaaadq  add  mod^  bddo£9*x  noiepXonoo  lotfi/a  adT 
sonadedxa  a  dadd  ai  dnadnoo  priadd  bne  aaosqa  dBXuXXaoiadnx  do 
add  ni  aaoeqa  add  do  amoa  ni  dnaaaiq  ai  aap  a  nedd  laddo 
dfidd  aoaabiva  aaioe  ai  aiadT  *  bifida  nm  adirfW  do  dooi  yiBWiiq 
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lipids  may  be  constituents  of  this  material  but  further 
experimentation  is  required  to  determine  its  exact  chemical 
nature  and  function  in  the  growing  root  tip.  This  study 
also  provides  more  evidence  for  the  possible  presence  of  a 
reducing  sugar  in  the  youngest  spaces. 
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APPENDIX  I 

Primary  root  length  (mm.)  in  a  24  hour  growing  period  after 
germination.  Measurements  represent  a  random  selection  of 
20  roots. 
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